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TRE ISOTOPIC SPIN O F  LIGHT NUCLEI 

by A. E a z '  and  Y a .  Smorodinskiy 

PART I .  THEORY 

Chapter I. THE ISOTOPIC SPIN OF NUCLXOEJS 

1 , In t roduc t ion  

There a r e  many grounds f o r  t h e  b e l i e f  t h a t  the  n u c l e a r  f o r c e s  o p e r a t i n g  among 

the nucleons posses s  a charge independence. That means t h a t  t h e  i n t e r a c t i o n  of 

t h r e e  p o s s i b l e  pairs of  nucleons -- proton-proton, neutron-neutron and proton-neu- 

t r o n  -- found i n  t h e  same s t a t e s  ( i n  point  o f  t he  r e l a t i o n s h i p  between t h e  wave 

f u n c t i o n s  and coord ina te s  and s p i n s )  a r e  i d e n t i c a l  with one another .  

However, d e s p i t e  t h e  wide acceptance of t h e  hypothes is  of charge independence 

i n  n u c l e a r  phys i c s ,  t h e r e  is a t  present  no d i r e c t  proof  of  its v a l i d i t y .  

Ac tua l ly ,  t h e  i n t e r a c t i o n  of two nucleons w a s  s t u d i e d  only i n  the  s c a t t e r i n g  

of  neu t rons  by pro tons  and pro tons  by protons.  I t  is we l l  known, however, t h a t  in 

the  i n v e s t i g a t e d  energy r eg ion  (approxina te ly  up t o  10 Mev) a s c a t t e r i n g  connected 

with n u c l e a r  f o r c e s  occurs only i n  I =  0 s t a t e s  ( S - s t a t e ) .  

experiments  merely j u s t i f i e d  the  conclusion t h a t  neut mn-proton and proton-proton 

i n t e r a c t i o n s  

P a u l i  p r i n c i p l e ,  two p r o t a n s  cannot be found i n  a 'S-state). 

2 > 0  s t a t e s  i n  s c a t t e r i n g  is so i n s i g n i f i c a n t  t h a t  i t  is imposs ib le  t o  reach  any 

conclus ion  on i n t e r a c t i o n  i n  such s t a t e s  i n  t h e  low-energy r eg ion  (up t o  - 10 MeV). 

The high-energy r eg ion ,  which i s  d e a l t  with i n  numerous p u b l i c a t i o n s ,  is a s e p a r a t e  

problem connected i n  p a r t i c u l a r  with t h e  charge independence of nucleon i n t e r a c t i a n  

with %-nesons (as well a8 o t h e r  mesons  which m y  poss ib ly  p l a y  an  impor tan t  part 

i n  t h e  i n t e r a c t i o n  between nucleons) .  Incidentally, t h e r e  i s  no d e f i n i t e  proof 

of  charge independence even i n  t h e  high-energy r eg ion ,  even though a l l  t h e  a v a i l a b l e  

exper iments  do n o t  c o n t r a d i c t  t h a t  hypothesis ,  

An a n a l y s i s  of  t h e s e  

n l y  i n  '5 s t a t e  ( i t  may be r e c a l l e d  t h a t ,  in view o€ the 

The part played by 
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It is very  impor tan t  t h e r e f o r e  t o  examine t h e  s p e c t r a l  s t r u c t u r e  o f  t h e  
~ 

l i g h t  n u c l e i  from the  p o i n t  of v i e r  of t h e i r  i n h e r e n t  t e n d e n c i e s  r e s u l t i n g  from 

the  a c c e p t a c e  of t h e  hypothes is  of charge independence, A s  i t  t u r n s  out, i t  is 

, the  s t r u c t u r e  of  t h e  n u c l e a r  s p e c t r a  i t s e l f  t h a t  p rov ides  the  most convinc ing  

I proof of t h e  v a l i d i t y  of t h e  hypothes is  under c o n s i d e r a t i o n ,  a t  least i n  t h e  

reg ion  of not very  nigh energy, 
I 
I Our task i n  t h i s  review i s  t o  show which g e n e r a l  p r o p e r t i e s  of  t h e  s p e c t r a  

are connected w i t h  t h e  hypothes is  of charge independence, and what conc lus ions  

may be made about  t he  accuracy  o f  t h a t  hypo thes i s .  
~ 

The review consists of two p a r t s .  In t h e  first p a r t  w e  s h a l l  o u t l i n e  t h e  

b a s i c  p h y s i c a l  i d e a s  used as a b a s i s  f o r  t h e  development o f  t h e  i s o t o p i c  s p i n  

theory.  Xere we s h a l l  avoid  complex mathematical  problems and conf ine  o u r s e l v e s  ~ 

I t o  l ess  r i e d  b u t  c l e a r  cons ide ra t ions .  The t h e o r e t i c a l  problems are d e a l t  with 

i n  t h e  r e c e n t  p u b l i c a t i o n s  by S h a p i r o l  and Ze l t t se r2 ,  and w e  refer  t h e  r e a d e r  to 

t hen ,  
I 

!The second part c o n t a i n s  a d e s c r i p t i o n  o f  t h e  l e v e l s  of l i g h t  n u c l e i  and an 
I 

a n a l y s i s  of t h e i r  i s o t o p i c  s p i n ,  Many d a t a  on t h e  l e v e l s  were taken from t h e  

4 
I two p u b l i c a t i o n s  on l i g h t  n u c l e i  by Ajzenberg and Laur i t s en3  and Endta  and Kfuyver 

, 2, The Quantum Charac te r i s  t i c s  of Nuclear  Levels .  

As is known, each  level of  t h e  quantum system ( p a r t i c u l a r l y  of the nuc leus )  

is  c h a r a c t e r i z e d  by a s e t  of quantum numbers, These numbers are connected with 

t h e  v a r i o u s  p r o p e r t i e s  of t h e  sys tem's  symetry;  there are two t y p e s  of quantum 

number6, exact and approximate,  depending on whether t he  symmetry under cons idera-  

t i o n  i s  exact or not .  The e x a c t  numbers, such as t h e  energy o f  t he  system and 

t h e  a n g u l a r  momentum, a r e  f u l l y  preserved i n  any p rocesses  o c c u r r i n g  i n  t h e  system; 

t h e  approximate numbers, g e n e r a l l y  speaking ,  may not  be preserved  but  t h e  pro- 

ces6es  connected w i t h  t h e i r  non-conservation have a cons ide rab ly  l e s se r  proba- 

b i l i t y .  The la t ter  may c o n s i s t  o f  o r b i t a l  and s p i n  quantum numbers in atoms whose 
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conserva t ion  is  v a l i d  only wi th in  t h e  framework of t h e  L-S coup l ing  scheme. I n  

a d d i t i o n  t o  t h e  abovementioned e x a c t  quantum n m b e r s ,  energg  E and s p i n  I ,  t h e  

system l e v e l s  are c h a r a c t e r i z e d  a l s o  by p a r i t y  P a r i s i n g  from the  i n v a r i a n t  p r o p  

e r t i e s  of t h e  system d u r i n g  t h e  r e f l e c t i o n  of a l l  c o o r d i n a t e s  i n  t h e  o r i g i n  o f  

the c o o r d i o a t e ~ .  

I t  should  be r e c a l l e d  t h a t  s i n c e  a twice-repeated r e f l e c t i o n  is an i d e n t i -  

cal  o p e r a t i o n ,  t h e  wave f u n c t i o n  of the  s y s t e m  may e i t h e r  change its s i g n  or 

remain i n v a r i a b l e  af ter  a s i n g l e  r e f l e c t i o n .  I n  t h e  first case  t h e  systeln is 

r e f e r r e d  t o  as “odd”, and  i n  the  second as “even”. 

These t h r e e  numbers, E,  I and P, exhaust  t h e  e x a c t  quantum numbers. 

We s h a l l  n o t  proceed t o  t h e  “ inexac t”  quantum numbers. The i n t r o d u c t i o n  

of such  numbers is connected with conc re t e  assumptions r ega rd ing  the  p r o p e r t i e s  

of t h e  nucleon sys t em.  The source  of inaccuracy  of quantum numbers l i es  i n  t h e  

approximate n a t u r e  of these  assumptions. 

Thus a n u c l e a r  s h e l l  model w i th  a j-j coup l ing  is conducive t o  t h e  emergence 

of an e n t i r e  se r ies  of i n a c c u r a t e  quantum numbers, moments and p a r i t i e s  ( o r  com- 

p l e t e  and o r b i t a l  moments, which is the  same) o f  s e p a r a t e  nuc leons  i n  a nuc leus .  

The inaccuracy  of such  quantum number6 is obvious: i t  is determined by t h e  dis- 

regard of the i n t e r a c t i o n  between nucleons. 

S i m i l a r l y  i n a c c u r a t e  is t h e  concept  of t h e  i s o t o p i c  s p i n .  

T h i s  concept  o r i g i n a t e d  i n  connect ion with t h e  hypothes is  of t h e  charge in -  

dependence of  nuc lea r  f o r c e s  under cons ide ra t ion  * Such a hypo thes i s  amounts t o  

the  requirement  t h a t  t h e  Hamiltonian (or Lagrange) f u n c t i o n  of  t h e  system remain 

c o n s t a n t  when a n y  p ro ton  is  rep laced  by a neut ron  or, converse ly ,  when any neu- 

t r o n  is rep laced  by a pro ton .  This  means, i n  p a r t i c u l a r ,  t h a t  the  Hamiltonian 

f u n c t i o n  o f  t h e  system m u s t  be symmetr ical  i n  r e l a t i o n  t o  t h e  s imultaneous per-  

muta t ion  of the c o o r d i n a t e s  and s p i n s  of any p a r t i c l e s .  

The r e s u l t  of the invar imce  of the Hamiltonian system i n  r e l a t i o n  t o  any 

pe rmuta t ion  is t h a t  c e r t a i n  c o n d i t i o n s  are  imposed on t h e  wave func t ion  of  the  

3 



nucleus. Only i n  t h e  s i m p l e s t  two-part ic le  system are t h e s e  c o n d i t i o n s  

t o  t h e  symmetry or antisymmetry of t h e  wave func t ion .  Gene ra l ly ,  t h e i r  

t i o n  is  more complicated,  In terse and c l e a r  language t h e s e  c o n d i t i o n s  

conducive 

f o rmufa- 

may be 

desc r ibed  as the  theo ry  of the  i s o t o p i c  s p i n ,  and t h e  charge  independence as t h e  

l a w  of t h e  i s o t o p i c  s p i n  conse rva t ion  

3 .  The I s o t o p i c  Sp in  of Nucleons and t h e  Nucleon System 

R i t h i n  t h e  framework of t h e  hypothes is  of charge  independence, t h e  neu t ron  

and p ro ton  a r e  cons ide red  as  two charge states of t h e  same p a r t i c l e ,  t h e  nucleon. 

And such a neutron-proton u n i f i c a t i o n  i n t o  a s i n g l e  p a r t i c l e  f a c i l i t a t e s  a con- 

c i s e  fo rmula t ion  o f  all t he  consequences flowing f r o m  t h e  hypothes is  of charge 

independence; moreover, t h i s  method is  very  convenient  for t h e  c l a s s i f i c a t i o n  o f  

the states of a system c o n s i s t i n g  of neut rons  and pro tons .  

An a p p r o p r i a t e  a p p a r a t u s  should  be c o n s t r u c t e d  as follows. According t o  t h e  

above, t h e  nucleon shou ld  be descr ibed  by a two-component wave f u n c t i o n  which may 

be recorded  i n  the form of a column, I n  t h i s  r e c o r d i n g ,  t h e  pro ton  and neut ron  

states of t h e  nucleon are rep resen ted ,  r e s p e c t i v e l y ,  as 

We s h a l l  i n t r o d u c e  o p e r a t o r r l  which conve r t s  the neut ron  t o  a proton. 

t o  t he  d e f i n i t i o n ,  T1 should possess t h e  p r o p e r t y  t h a t  

According 

- +*; = 0. 

It is e a s y  t o  see t h a t  t h i s  o p e r a t o r  can  be r ep resen ted  as fo l lows:  

S i m i l a r l y ,  t h e  o p e r a t o r  r2 possess ing  the  fo l lowing  p rope r ty  

m y  be  r eco rded  as 
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We s h a l l  f u r t h e r  i n t r o d u c e  a p ~ a t o r s  q, T?, T: a cco rd ing  t o  t h e  fo l lowing  e q u a l i -  

t ies:  

- 

Thus de f ined ,  t h e  o p e r a t o r s  q, T,, T: c o i n c i d e  with t h e  P a u l i  ma t r i ces  o f  t he  

s p i n  theo ry  and, consequent ly ,  possess t he  same formal p r o p e r t i e s  as t h e  l z t t e r .  

I n  p a r t i c u l a r ,  i t  is easy  t o  v e r i f y  t h a t  o p e r a t o r  *l/s~c produces the fo l lowing  

e f f e c t  on t h e  wave f u n c t i o a s  of t h e  neutron and proton:  

All t h e  c o r r e l a t i o n s  i n  t h e  theory  of t h e  i s o t o p i c  s p i n  are i d e n t i c a l  wi th  t h e  

a n a l o g i c a l  c o r r e l a t i o n s  of t h e  n o n r e l a t i v i s t i c  t h e o r y  of t h e  s p i n .  The p ro ton  

s t a t e  of a nucleon p l a y s  t h e  r o l e  of a state wi th  a s p i n  p r o j e c t i o n  )$, a neu t ron  

s t a t e  cor responds  t o  a state wi th  a s p i n  p r o j e c t i o n  % *  while  o p e r a t o r s  l ' n ~ ~ ,  1:/2~p A 

p l a y  t h e  p a r t  o f  p r o j e c t i o n  s p i n  o p e r a t o r s  on t h e  C a r t e s i a n  coord ina te  axes. 

Hence t h e  reference ta t h e  o p e r a t o r s  *I--, l \ 2 ~ 1 &  '/s$ as o p e r a t o r  p r o j e c t i o n s  of t h e  

i s o t o p i c  nucleon s p i n ,  and t h e  two nucleon charge s t a t e s  are cons idered  as states 

wi th  d i f f e r e n t  p r o j e c t i o n s  of t h e  i s o t o p i c  nucleon s p i n  % T o n  t h e  g-axis,  

To pursue the  analogy between the o r d i n a r y  and  i s o t o p i c  s p i n  s t i l l  f u r t h e r ,  

w e  s h a l l  formal ly  i n t r o d u c e  a three-dimensional  i s o t o p i c  space i n  which q , ~ ?  and 

T: can be cons idered  as components of v e c t o r  opera tor? .  The reason  for  i n t r o -  

duc ing  an  i s o t o p i c  space  is t h a t  ope ra to r  f i r t h e r e b y  a c q u i r e s  the obvious s i g n i -  

f i c a n c e  of an  a n g u l a r  momentum ope ra to r  i n  t h i s  space ,  the nucleon should be con- 

s i d e r e d  as  a p a r t i c l e  with an i s o t o p i c  s p i n  %, and the  c l a s s i f i c a t i o n  of the states 

of t he  system c o n s i s t i n g  of neut rons  and p ro tons  i s  reduced t o  t h e  well known method 

of c l a s s i f y i n g  t h e  s ta tes  o f  i d e n t i c a l  p a r t i c l e s  with s p i n  )5 which occur s  i n  t h e  

t h e o r y  of  t h e  e l e c t r o n  atom s h e l l ,  

Inasmuch as t h e  i n t e r a c t i o n s  ( p p ) ,  (pn)  and (nn)  are e q u a l ,  acco rd ing  t o  t h e  

h y p o t h e s i s  of  the  charge independence, t h e  neu t rons  and p ro tons  wi th in  a nucleus  

d i f f e r  from one a n o t h e r  only by t h e  P a u l i  p r i n c i p l e  which f o r b i d s  such states of 
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a system whereby t w o  neut rons  o r  two protons are i n  t h e  same q u a n t u  state.  On 

t he  o the r  hand, t h e  Ramiltonian of t h e  system is  symmetrical  i n  r e l a t i o n  t o  t h e  

permutat ion of t h e  sp insand  space coord ina tes  of any two p a r t i c l e s .  If t h e  neu- 

t r o n s  and pro tons  a r e  t h e r e f o r e  considered a6 d i f f e r e n t  s ta tes  of t h e  same p a r t i -  

c l e ,  t h e  nucleon,  i t  is obvious t h a t  t he  charge independence r e q u i r e s  t h e  Eami l -  

t on ian  of t h e  nucleon system t o  be i n v a r i a n t  i n  r e l a t i o n  t o  the permutat ion of 

a l l  t h e  f i v e  coord ina te s  ( x y z s Z T g )  of any two nucleons.  

l a r y  t h a t  t h e  wave func t ion  o f  any such system must e i t h e r  remain unchanged by 

Hence t h e  d i r e c t  co ro l -  

the permutat ion of t h e  coord ina te s  of  any two nucleons (symmetrical  wave func t ion )  

or change i t s  s i g n  (an t i symmetr ica l  wave f u n c t i o n ) .  I t  is known, however, tha t  

neut rons  and p ro tons ,  t aken  s e p a r a t e l y ,  conform t o  t h e  P a u l i  p r i n c i p l e ,  t h a t  is 

the  wave func t ion  of  t h e  system changes i ts  s i g n  du r ing  t h e  permutat ion o f  t h e  

space coord ina te s  and s p i n s  of  t w o  neutrons o r  t=o protons.  A s  24, remains un- 

changed by such a permutat ion (s ZC = -% f o r  all neu t rons  and Mrc 6 J4 for a l l  

p ro tons ) ,  t h i s  permutat ion can be  considered as a permutat ion o f  a l l  t h e  f i v e  

coord ina te s  of two nucleons.  But i f  t he  wave f u n c t i o n  changes i ts  s i g n  i n  the  

permutat ion of a l l  t he  f i v e  coord ina te s  of even a s i n g l e  pair of nuc leons ,  i t  

can e a s i l y  be shown t h a t  i t  must be an t i symmetr ica l  i n  r e l a t i o n  t o  t he  permuta- 

t i o n  o f  a l l  the f i v e  coord ina te s  o f  any p a i r  of  nucleons. T h i s  a s s e r t i o n  is  

u s u a l l y  c a l l e d  the  gene ra l i zed  Paul i  p r i n c i p l e .  

Thus on t h e  assumption of  t h e  charge independence o f  n u c l e a r  f o r c e s ,  a system 

c o n s i s t i n g  o f  neu t rons  and pro tons  may be cons idered  as a system of i d e n t i c a l  par- 

t i c l e s ,  nucleons (wi th  a charge degree o f  freedom), governed by t h e  Fermi statis-  

t i c s .  

The ques t ion  f u r t h e r  arises as t o  t h e  c l a s s i f i c a t i o n  of t h e  energy l e v e l s  

of such a system. I n  t h i s  connect ion,  we s h a l l  i n t r o d u c e  t h e  concept  of t h e  i s o -  

t o p i c  s p i n  of t he  nucleon system. The i s o t o p i c  s p i n  of t h e  nucleon system T is 



e 

where a11 t he  s p i n s  are summed up. It is c l e a r  t h a t  o p e r a t o r  T ,  t h u s  de f ined ,  

is a v e c t o r  i n  t h e  i s o t o p i c  space  and ,  j u s t  l i k e  )$r, posses ses  all t h e  a n g u l a r  

momentum p r o p e r t i e s .  I n  particular, the  u s u a l  rules governing t h e  a d d i t i o n  o f  

moments are a p p l i c a b l e  t o  t h e  a d d i t i o n  of i s o t o p i c  nucleon s p i n s ;  f o r  example, 

i n  t h e  c a s e  o f  a system of  two nucleons,  T may assume t h e  va lues  0 and 1, i n  a 

three-nucleon system % and 3/2, i n  a four-nucleon s y s t e m  0.1 and 2,  e t c ,  The 

p h y s i c a l  meaning of  s ta tes  wi th  d i f f e r e n t  i s o t o p i c  s p i n s  can r e a d i l y  be  under- 

s tood .  le should note  i n  t h i s  connect ion t h a t ,  acco rd ing  t o  t h e  d e f i n i t i o n  of  

T as a v e c t o r ,  T is at  any rate n o t  s n a l l e r  t h a n  i t s  p r o j e c t i o n  on to  t h e  axis 

T >/Tc/. But t h e  expres s ion  f o r  T may be r e p r e s e n t e d  i n  t h e  fo l lowing  form: 6 
A 

where Z is the  number of p r o t o n s ,  N the number of neu t rons  and A t he  t o t a l  number 

of nuc leons ,  A T I? + 2, equals h a l f  of t h e  neut ron  e x c e s s  of t h e  nuc leus  

taken  wi th  a reverse s i g n .  ( I n  publ ished l i t e r a t u r e  the  old Wigner s i g n s  a r e  

Thus T r: 

f r e q u e n t l y  used whereby % rC; of  a neutron e q u a l s  When t h i s  d e s i g n a t i o n  i s  

used,  t h e  signs of the  o t h e r  formulas a r e  also changed).  

Hence if t h e  i s o t o p i c  s p i n  of any state is T ,  such a s t a t e  can be brought  

For example, s ta tes  wi th  T = 0 can about  o n l y  i n  6yStenl6 where /Z - N/ < 2T, 
be brought  about  o n l y  when 2 = €4, and states wi th  T = 1 with Z = N o r  Z - + N. 

As p o i n t e d  o u t  ea r l i e r ,  t h e  i n t r o d u c t i o n  of t h e  i s o t o p i c  s p i n s  m a k e s  i t  pos- 

s i b l e  t o  i n v e s t i g a t e  a system of nucleons by t h e  same methods used for a system 

of i d e n t i c a l  p a r t i c l e s  wi th  a s p i n  J4. I n  p a r t i c u l a r ,  i t  i s  f a i r l y  easy t o  gen- 

e r a l i z e  t h e  methods of c o n s t r u c t i n g  a wave f u n c t i o n  of a n  e l e c t r o n  system i n  t h e  

e v e n t  o f  systems posses s ing  an  i s o t o p i c  s p i n .  We s h a l l  n o t  go i n t o  t h a t ,  however, 

inasmuch as w e  are not i n t e r e s t e d  i n  t h e  conc re t e  c a l c u l a t i o n  of t h e  numerical  

l e v e l  c h a r a c t e r i s t i c s  which c a l l  f o r  an e x a c t  t ype  of wave func t ions .  A v e c t o r  

model would be s u f f i c i e n t  f o r  the  purpose of t h i s  review, 

* Quantum mechanics shows t h a t  t h e  l a w  of quantum vec to r  a d d i t i o n  i s  a 
s imple  c o r o l l a r y  of t h e  commutation r u l e s .  



. 
4. The Law of Isotopic Spin  Conservation 

Let u6 examine a system of Z pro tons  and N n e u t r o n s  i n  some s t a t i o n a r y  s ta te ,  

and assume t h a t  t h e  hypo thes i s  o f  the charge independence of n u c l e a r  f o r c e s  i s  

s t r i c t l y  f u l f i l l e d .  A s  w a s  a l r e a d y  po in ted  o u t  ea r l ie r ,  t h i s  assumption means 

t h a t  t h e  p r o p e r t i e s  of t h e  system remain i n v a r i a n t  when any neu t ron  is  r e p l a c e d  

by a p ro ton  o r  v i c e  v e r 6 a c  L e t  UB r e p l a c e  one neu t ron  by a proton. T h i s  w i l l  

produce a new system b u t  its Hamiltonian w i l l  be e x a c t l y  e q u a l  t o  t h e  o ld  H a m i l -  

ton ian .  The s t a t i o n a r y  s t a t e s  of both systems must t h e r e f o r e  be found from t h e  

s o l u t i o n  o f  t h e  same Schroeainger  equa t ion  

HS = E> 

and t h e  o n l y  d i f f e r e n c e  h e r e  is made by t h e  P a u l i  p r i n c i p l e ,  acco rd ing  t o  which 

some of t h e  s t a t e s  p o s s i b l e  i n  one system are impossible  in ano the r ,  3ut t h e  

s ta tes  t h a t  can be brought abou t  i n  e i t h e r  system w i l l  obviously posses s  a b s o l u t e -  

l y  i d e n t i c a l  p r o p e r t i e s  ( t h e y  w i l l  have t h e  same energy ,  momentum, p a r i t y ,  e t c . ) .  

To understand what all t h i s  means from t h e  p o i n t  o f  view o f  t h e  i s o t o p i c  s p i n ,  

w e  s h a l l  p o i n t  o u t  t h e  following. When one neu t ron  is  r e p l a c e d  by a p ro ton ,  t h e  

p r o j e c t i o n  of t h e  i s o t o p i c  s p i n  system changes by t h e  fol lowing unit: Tt-T: i - I  

(T: - Tc - ' 9  t h e  proton i s  r e p l a c e d  by a n e u t r o n ) ,  t h a t  is ,  such a s u b s t i t u t i o n  co r re -  

spands t o  a c e r t a i n  r o t a t i o n  i n  the  i s o t o p i c  space.  Consequently, t h e  f a c t  t h a t  

t h i s  s u b s t i t u t i o n  l e a v e s  t h e  Hamiltonian f u n c t i o n  o f  t h e  system i n v a r i a n t  may be 

cons idered  a8 t h e  i n v a r i a n c e  of t h e  Hamiltonian f u n c t i o n  of the nucleon system i n  

r e l a t i o n  t o  t h e  r o t a t i o n s  i n  a n  i s o t o p i c  space.  Hence t h e  c o r o l l a r y  t h a t  the com- 

p l e t e  i s o t o p i c  s p i n  of t h e  s y s t e m  must be  conserved. The proof i n  t h i s  ca6e is 

a b s o l u t e l y  a n a l o g i c a l  t o  t h e  proof of t h e  l a w  o f  conse rva t ion  o f  t h e  o r d i n a r y  angu- 

lar momentum , We t h u s  come t o  a very important  l a w :  w i t h i n  t h e  assumption o f  a 
* 

* We have c i t e d  a c o n d i t i o n a l  but c l e a r  i n f e r e n c e  from t h e  l a w  o f  conse rva t ion  
o f  t h e  i s o t o p i c  s p i n .  A s t r i c t  deduct ion would be as fo l lows:  t he  o p e r a t o r s  o f  t h e  
t r a n s f o r m a t i o n  of a neutron i n t o  a proton and a proton i n t o  a neu t ron  ? 
e s p e c i a l l y  T 
the cha rge  independen-ce. 
l i n e a r  combinat ions 
It t h u s  f o l l o w s  t h a t  T is conserved. 

and Tl, 2 commute with t h e  Hamiltonian f u n c t i o n  w i t h i n  t h e  assumption of 
6' 

Therefore, the opeiators %: 'Eq* 

T:), also commute with t h e  Hamiltonian f u n c t i o n  of t h e  system, 
*, 'd: 'T:: representing the 
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charge independence o f  nuc lea r  f o r c e s ,  the  i s o t o p i c  s p i n  of  t h e  nucleon system 

is a motion i n t e g r a l .  

The corollary of t h i s  conserva t ion  law is t h a t  every s t a t i o n a r y  state of  

the  nucleon system (in a quantum-mechanical senmje) must posses s  a d e f i n i t e  iso- 

t o p i c  sp in .  This  fo l lows  d i r e c t l y  from t h e  g e n e r a l  t heo ry  which s t a t e s  t h a t  any 

two commutative o p e r a t o r s  must possess  a common system of "Eigenfunct ionsU.  Ap-  

plying t h i s  theorem t o  t h e  case  when commutative o p e r a t o r s  are o p e r a t o r s  o f  t h e  

i s o t o p i c  spin T and Hamiltonian H of t h e  system, we g e t  the formula t ion  o f  t h e  

above a s s e r t i o n .  

9 
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Chapter 11. ISOTOPIC SPIN SELECTION RULES 

5. I n t r o d u c t i o n  

The l a w  of conse rva t ion  of  t h e  i s o t o p i c  s p i n  l e a d s  t o  d e f i n i t e  s e l e c t i o n  

rules for v a r i o u s  n u c l e a r  r eac t ions .  These may be d i v i d e d  i n t o  two major types :  

a) a r e a c t i o n  p a r t i c i p a t e d i n  only by nucleons whose complete i s o t o p i c  s p i n  

is known t o  be conserved. I n  t h i s  case  we addres s  o u r s e l v e s  to  the l a w  of con- 

s e r v a t i o n  of  t h e  i s o t o p i c  s p i n  and f i n d  that  t h e  e n t i r e  n u c l e a r  p r o c e s s  must occur  

i n  such  a way t h a t  i n  each o f  i ts s t a g e s  the  i s o t o p i c  s p i n  of the system is e q u a l  

t o  t h e  i n i t i a l  i s o t o p i c  s p i n ;  

b )  a r e a c t i o n  p a r t i c i p a t e d  in no t  only by nucleons b u t  a l s o  by o t h e r  p a r t i -  

c l e s  ( & p a r t i c l e s ,  y-quanta) whose r a d i a t i o n  changes the i s o t o p i c  s p i n  of t h e  

system which malres t h e  d i r e c t  a p p l i c a t i o n  of t h e  law of conse rva t ion  of the i s o -  

t o p i c  s p i n  imposs ib le .  In t h i s  connect ion,  i t  is found, however, t h a t  under cer- 

t a i n  c o r r e l a t i o n s  between t h e  i s o t o p i c  spins of t h e  i n i t i a l  and f i n a l  states of a 

nucleon system, t h e  matrix e lements ,  conforming to r a d i a t i o n  o r  a b s o r p t i o n ,  a r e  

conver ted  t o  zero  i d e n t i c a l l y .  The c o n d i t i o n s  i n  which t h i s  occur s  depend on t h e  

conc re t e  form of i n t e r a c t i o n  and determine t h e  i s o t o p i c  s p i n  s e l e c t i o n  r u l e s  i n  

t h i s  case .  

L e t  u s  examine these  c a s e s  i n  g r e a t e r  d e t a i l .  

6 .  React ions  Caused by Nucleons Alone 

I n  t h e  i n t e r a c t i o n  of heavy p a r t i c l e s  (neu t rons ,  p ro tons ,  heavy water, e t c . )  

with l i g h t  n u c l e i ,  t h e  Coulomb i n t e r a c t i o n  may be  d i s r ega rded  i n  comparison with 

t h e  s p e c i f i c  nuc lea r  f o r c e s .  

r eg ion  t h e  hypo thes i s  of t h e  charge  independence of n u c l e a r  f o r c e s  is f a i r l y  ac- 

c u r a t e .  Th i s  produces a number of  i n t e r e s t i n g  c o r o l l a r i e s :  

It may be  assumed t h e r e f o r e  t h a t  in t h i s  n u c l e a r  

a )  as the  i s o t o p i c  s p i n  of heavy water  and a - p a r t i c l e s  equa l s  ze ro ,  t h e  

i n i t i a l  and  f i n a l  s tates of a nucleus i n  r e a c t i o n s  o f  t h e  ( d d ) ,  (da), ( ad )  and 

(Cra) type must have t h e  same i s o t o p i c  s p i n .  Moreover, i f  t h e  r e a c t i o n  passes 

th rough a n  i n t e r m e d i a t e  nuc leus ,  t h e  l a t te r  can  be formed only i n  states whose 

10 
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i s o t o p i c  s p i n  e q u a l s  t he  i s o t o p i c  s p i n  of  the  i n i t i a l  nuc leus .  T h i s  type o f  re- 

a c t i o n  t h e r e f o r e  i s  a method of de te rmining  t h e  i s o t o p i c  s p i n s  of v a r i o u s  n u c l e a r  

states.  

I n  the  mos t  i n t e r e s t i n g  case ,  when the  i n i t i a l  nuc leus  has a n  i s o t o p i c  s p i n  

equa l  t o  ze ro ,  as i t  occurs  i n  t h e  ground s t a t e s  of  a lmost  a l l  t h e  2n type  of  

l i g h t  n u c l e i ,  f o r  example, w e  f i n d  that i n  such  r e a c t i o n s  t h e  format ion  of a re- 

s i d u a l  nuc leus  i n  a T # 0 s ta te  is impossible .  

i n t e r m e d i a t e  nuc leus  wi th  a T = 0 s t a t e  can be  mani fes ted  i n  t h e s e  r e a c t i o n s .  I n  

t h e  016(dc1)N14 r e a c t i o n ,  f o r  example, i t  w a s  found t h a t ,  wi th a l l  t h e  a v a i l a b l e  

heavy water (D20) e n e r g i e s ,  the  group o f  @ - p a r t i c l e s ,  cor responding  t o  t h e  e x c i t e d  

s t a t e  d4 wi th  a n  energy  of E = 2.31 MeV, w a 6  missing.  As t he  fundamental  s tate 

of nucleus  0l6 is  T = 0 ,  and no o t h e r  s e l e c t i o n  r u l e s  (wi th  r e s p e c t  t o  moment o r  

p a r i t y )  c a n  e x p l a i n  t h i s  exc lus ion ,  we l e a r n  from the  l a w  of t h e  conse rva t ion  o f  

t he  i s o t o p i c  s p i n  tha t  the i s o t o p i c  s p i n  T > 1 should  be a t t r i b u t e d  t o  leve3 

E = 2.31 MeV. Indeed,  w e  know from independent s o u r c e s  ( 5 )  t h a t  t h e  i s o t o p i c  s p i n  

o f  t h i s  l e v e l  is T E 1, 

M r e o v e r  p only the l e v e l s  o f  a n  

wi th  

By ana logy ,  if t h e  i n i t i a l  s t a t e  o f  a nuc leus  w a s  T = l4, t h e  r e a c t i o n s  (dd) 

e t c . ,  of a n  i n t e r m e d i a t e  s t a t e  w i l l  produce only  l e v e l s  wi th  a T = s ta te ,  and 

t h e  r e s i d u a l  n u c l e i  can be formed only i n  a s ta te  of T = $. 

b)  If an  i n t e r m e d i a t e  nuc leus  formed i n  any  r e a c t i o n  i s  i n  a s t a t e  w i t h  a 

d e f i n i t e  i s o t o p i c  s p i n  T ,  t h e  decay of t h a t  s t a t e  m u s t  occur  i n  such  a way t h a t  

the v e c t o r  sum of t h e  i s o t o p i c  s p i n  of t h e  p a r t i c l e s  a f t e r  t h e  decay is e q u a l  t o  

T. Thus i f  a n  i n t e r m e d i a t e  nuc leus  is i n  a s t a t e  of T = 1, t h e  depa r tu re  o f  an 

@ - p a r t i c l e  o r  D 0 is  p o s s i b l e  on ly  when the nuc leus  formed i n  t h i s  p rocess  i s  also 

i n  a s t a t e  of T = 1. r e a c t i o n ,  f o r  example, t h e r e  is  no mani- 

f e s t a t i o n  of a n  e x c i t e d  s t a t e  of t h e  i n t e r m e d i a t e  nuc leus  0l6 with an e x c i t a t i o n  

energy of E = 12.95 piiev. B u t  i t  i s  known, from t h e  p o i n t  of view energy,  t h a t  i n  

t h i ~  r e a c t i o n  the  C12 nucleus  can be produced only  i n  s t a t e s  of T = 0 ( t h e  f i r s t  

s ta te  of T = 1 of a C12 nucleus  has a ve ry  h igh  e x c i t a t i o n  energy of  

2 
12 I n  t h e  d5(pe)C 

15 Mev.) . 
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16 Comparing these  Lata, i is e a s y  t o  conclude t h a t  t h e  i s o t o p i c  s p i n  o t h e  0 

l e v e l  with E = 12.95 Mev must b e  equal  t o  1 ( h i g h e r  T are imposs ib le  f o r  r easons  

of energy) .  

7. S e l e c t i o n  R u l e s  f o r  A &Decay 

The c a l c u l a t i o n  of the  p r o b a b i l i t i e s  of a &decay i n v o l v e s  t h e  c a l c u l a t i o n  

of  t h e  matrix e lements  of t h e  o p e r a t o r s  dependent on the  i s o t o p i c  nucleon s p i n s .  

It  appea r s  t h a t  many p r o p e r t i e s  of such matrix e lements  can  b e  found i n  g e n e r a l  

form. I n  t h i s  connec t ion ,  use 1s made of t h e  f a c t  t h a t  t h e  i s o t o p i c  s p i n  opera- 

t o r s  posses s  the  same formal  p r o p e r t i e s  as t h e  o p e r a t o r s  of  t h e  u s u a l  ang le  mo- 

mentum. In  p a r t i c u l a r ,  t hey  s a t i s f y  the  same commutation rules  as the v e c t o r  

components of an angu la r  momentum. On t h e  o t h e r  hand, i t  i s  known t h a t  t h e  com- 

mutat ion r u l e s  make i t  p o s s i b l e  t o  o b t a i n  a number of  g e n e r a l  formulas f o r  matrix 

e lements  from v a r i o u s  combinations of v e c t o r  components of t h e  a n g u l a r  rnomentusi. 

S i n c e  t h e  formulas  ob ta ined  i n  t h i s  connect ion a re  based only on t h e  conunutation 

r u l e s ,  t h e y  a r e  f u l l y  a p p l i c a b l e  also t o  a n a l o g i c a l  ma t r ix  e lements  of i s o t o p i c  

sp in  o p e r a t o r s .  

We s h a l l  first p resen t  a summary of t h e s e  s e l e c t i o n  r u l e s  f o r  c e r t a i n  opera-  

t o r s  o c c u r r i n g  i n  t h e  c a l c u l a t i o n  of p r o b a b i l i t i e s  of @-andy- ray  t r a n s i t i o n s .  

a) If ope ra to r  F is  i n v a r i a n t  i n  r o t a t i o n s  i n  i s o t o p i c  space  ( t h i s  happens 

when F, f o r  example, is not  a t  all  dependent on t h e  i s o t o p i c  nucleon s p i n ) ,  t h e  

matrix e l emen t s  of F f u l f i l l  t h e  fo l lowing  c o n d i t i o n s  between t h e  s ta tes  wi th  def-  

i n i t e  i s o t o p i c  s p i n s  T ,  TI and t h e i r  p r o j e c t i o n s  TC, TVC: 

(TTc I F I T'T;) + 0, 

5 

only if T = T'; Tc = T;. 

b) If o p e r a t o r  P is transformed i n t o  a v e c t o r  6-component i n  the  course  of  

r o t a t i o n  i n  i s o t o p i c  space  (a  s lmple  example of such  an  o p e r a t o r  is a T -ope ra to r  

o f  < - p r o j e c t i o n  o f  a nuclear i s o t o p i c  s p i n )  * t h e  fo l lowing  s e l e c t i o n  r u l e s  are i n  

o p e r a t i o n :  ( T c ) P c J , T f ~ i ) # O  , only if T - T ' = t I ; T c = T ;  o r  if T=T' :  T t=Tc  $0. 

c 

- - - ~  - _ _  

c )  If o p e r a t o r  P, , r o t a t i n g  i n  i s o t o p i c  s p a c e ,  is transformed i n t o  PI = ( T E + i r g ) , ,  
A 

t h e  fo l lowing  r u l e s  apply  t o  the s e l e c t i o n  of  ma t r ix  e lements  from PI: 

( ~ C J P ,  I Y T ~ ) + O ,  o n l y  if T -T' = 0, I; T ,  = T ~ + I -  - 



. 

d )  If opera to r  Pz, r o t a t i n g  i n  i s o t o p i c  space, is  transformed i n t o  

'z=('~:iT<)'~ tfiea ( ~ , . I P , I T ~ T ; )  + o C  only if T - T ' = u ,  2 1 ;  T , = T ; - - -  

We s h a l l  now proceed t o  t h e  B-decay i t s e l f ,  The t r a n s i t i o n  of a nucleon 

from one charge s t a t e  t o  ano the r  occurs  in a @-decay ( i n  a &decay t h e  neu t ron  

changes t o  a pro ton ,  a d  i n  a B+-decay the  pro ton  changes t o  a neu t ron ) .  I n  t h i s  

connect ion,  the o p e r a t o r  circunscribina t h e  &decay p rocess  looks l ike  t h e  fol lowing:  
% = Bi ( x ,  y, 2, s,) i: (8- decay) 

i 

'% = Bi (x,  y, z, s,) it (?+ decay) 
whereTl  and 5 are ,  r e s p e c t i v e l ? ,  t h e  o p e r a t o r s  of  t h e  neutron change t o  a pro ton  

and, conve r se ly ,  of  the p ro ton  change t o  a neu t ron ,  while  o p e r a t o r s  Bi are no t  de- 

pendent on the  i s o t o p i c  s p i n  coord ina te s  (accord ing  t o  t h e  s t anda rd  d e s i g n a t i o n  o f  

t h e  &decay theo ry ,  Bi = 1 with r e s p e c t  t o  t h e  scalar and v e c t o r  variants, Bi='i 

with  r e s p e c t  t o  the t e n s o r  and pseudovector v a r i a n t  and 

the  pseudosca la r  v a r i a n t ) .  The summation i n c l u d e s  a l l  t h e  nuc leons  of t h e  nuc leus .  

S,=p;y5 with  r e s p e c t  t o  

The e x p r e s s i o n s  f o r  %Il and '31" show t h a t  t hey  change r e s p e c t i v e l y  into T c k h *  

du r ing  t h e  r o t a t i o n  i n  i s o t o p i c  space.  We can t h e r e f o r e  conclude a t  once t h a t  a 

% t r a n s i t i o n  i s  p o s s i b l e  o n l y  between states whose i s o t o p i c  s p i n s  T and T' d i f f e r  

by not  more than  1: T - T' E 0 + 1. Here A T  = 0 i n  the  case  of t h e  Fermi s e l e c -  

+ 1 i n  t h e  case of t h e  Gamov-Teller s e l e c t i o n  rules,  Ac-  t i o n  r u l e s ,  and PT = 0 - 
t u a l l y ,  t h e  Fermi mat r ix  e lements  ( the  s c a l a r  and v e c t o r  v a r i a n t s  of t h e  8-decay 

t h e o r y )  are, i n  a n o n r e l a t i v i s t i c  cam, reduced t o  t h e  matrix e lements  of o p e r a t o r  

ic +- i ~ ,  (1 or . C iz LT. - 2 
3T, i n  case  of a @+-decay) which commutes wi th  T . 7:'' T. 

i i 

I n  such t r a n s i t i o n ,  t h e r e f o r e ,  T i s  conserved. 

I n  t h e  case of Gamov-Teller matrix e lements  ( t e n s o r  and pseudovector  v a r i a n t s )  

r e d u c i b l e  t o  t h e  ma t r ix  e lements  of o p e r a t o r  ' f T ?  ( or E%.")) , a d d i t i o n a l  l i m i  ta- 
1 I i 

t i o n s  do n o t  occur ,  and the  usua l  s e l e c t i o n  r u l e s  f o r  o p e r a t o r s  of t h i s  type  are 

f u l f i l l e d :  AT = 0, 1. 



6 8 . S e l e c t i o n  R u l e s  for y-Radiation 

The s e l e c t i o n  rules for y - t r a n s i t i o n s  can be found by methods s i m i l a r  t o  

those  a p p l i e d  t o  t h e  s e l e c t i o n  r u l e s  f o r  8-decay. The t r a n s i t i o n  o p e r a t o r  ( t h e  

Hamiltonian f a c t o r  of t h e  nucleon i n t e r a c t i o n  wi th  an  e lec t romagnet ic  f i e l d )  i n  

t h i s  case looks l i k e  t h e  fo l lowing  (we d i s r e g a r d  t h e  very weak i n t e r a c t i o n  con- 

nected wi th  neut ron  and pro ton  magnetic moments): 

H = & . ,  e 1  
c 2 (1 + viA(rl), 

I 

where Vi, ri r e p r e s e n t  t h e  v e l o c i t y  and coord ina te  of an i nucleon,  A t he  v e c t o r  

p o t e n t i a l  of t h e  e lec t romagnet ic  f i e l d ,  and t h e  summation i n c l u d e s  all t h e  nucleons.  

Th i s  formula,  i n  which all nucleons are a b s o l u t e l y  symmetric, a u t o m a t i c a l l y  take6 

i n t o  account  t h e  f a c t  t h a t  t h e  neutron does not i n t e r a c t  with t h e  e lec t romagnet ic  

f i e l d  because of t h e  absence of a charge. Th i s  is achieved by t h e  i n t r o d u c t i o n  of  

ope ra t ion  T(l +$>),which, when a c t i n g  upon t h e  wave func t ion  of  t h e  nucleon,  is  

equa l  t o  ze ro  or 1, depending on t h e  charge s ta te  of t h e  nucleon ( z e r o  i n  t h e  case 

i 

of a neu t ron ,  and 1 i n  t he  case  of a pro ton) .  Operator H may be r e w r i t t e n  as t h e  

sum of two p a r t s :  
__ .- 

H=*o+H,, 

where 

Ho is n o t  dependent on t h e  i s o t o p i c  s p i n s  of nuc leons ,  and is t h e r e f o r e  a s c a l a r  

element i n  t h e  i s o t o p i c  space.  Hence t h e  s e l e c t i o n  rules for y-rad ia t ion  connected 

wi th  t h i s  part of t h e  Hamiltonian i n t e r a c t i o n :  A T  = 0. The second addend, 5,  * 

i s  transformed i n  t h e  course  of r o t a t i o n  i n  i s o t o p i c  space as a v e c t o r  6-component. 

The fo l lowing  s e l e c t i o n  r u l e s  t he re fo re  apply  t o  t h e  r a d i a t i o n  connected with t h i s  

p a r t  of  t h e  i n t e r a c t i o n  ope ra to r :  

A T = O , c l j  :t Tc f 0,. , 
. d T = t 1  q = o ,  ; 

- _  - _  

t h a t  is in t h e  case of a nucleus W i t h  T ~ ' Q W = Z ) N  , trmsi t inas  can occur  only 
~ 11 

between l e v e l s  w i th  i s o t o p i c  s p i n s .  O n  t he  o t h e r  hand, i t  appea r s  t h a t  Ef cannot 
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. 
I l e a d  t o  e l e c t r i c  d i p o l e  t r a n s i t i o n s  ( E l ) ,  as t h e  form of t h i s  p a r t  of t h e  Hamil- 

t on ian  c o i n c i d e s  with t h e  Hamiltonian c i r cumscr ib ing  a systenn o f  i d e n t i c a l  p a r t i -  

c les  wi th  an charge,  and such a system, a6 is  known, cannot  emit e l e c t r i c  di- e 

pole  r a d i a t i o n ,  Following from t h i s  is a n  impor t an t  r u l e :  d i p o l e  t r a n s i t i o n s  

between l e v e l s  with t h e  same i s o t o p i c  s p i n s  are imposs ib le  i n  n u c l e i  wi th  B9 = 2. 

This  deduct ion  is fully confirmed by experiment.  Indeed,  i t  w a s  found t h a t  

i n  n u c l e i  with T = 0 (B1' and N14, for example) t h e  E l - t r a n s i t i o n s  between l e v e l s  

wi th  the  same i s o t o p i c  spins are forb idden ,  whereas i n  t h e  ne ighbor ing  n u c l e i  wi th  

T #O(Bel', C 

6: 

14 ) no exc lus ion  ha6 been found wi th  r e s p e c t  t o  T, 6 
, It should  be po in ted  o u t ,  however, t h a t  t h e  e x c l u s i o n s  of E l - t r a n s i t i o n s  i n  

connec t ion  wi th  t h e  i s o t o p i c  s p i n  a r e  not a b s o l u t e l y  r i g i d ,  They lower t h e  proba- 

I b i l i t y  of t r a n s i t i o n  by s e v e r a l  o r d e r s  b u t  do not  completely f o r b i d  i t ,  There are 
I 
, two r easons  f o r  t h a t ,  First, t h e  c a l c u l a t i o n  of s p i n  i n t e r a c t i o n s  is conducive 
I 

t o  t h e  p o s s i b i l i t y  of E l - t r a n s i t i o n s  and, second, each n u c l e a r  s t a t e  ha6 an ad- 

mixture of s t a t e s  with o t h e r  i s o t o p i c  s p i n s ,  and t h e  presence  of  admixtures  may 

b r i n g  abou t  an  E l - t r a n s i t i o n .  

All t h e  deduct ions  of t h i s  paragraph apply t o  a n  equa l  degree both  t o  t h e  

r a d i a t i o n  p rocesses  of t he  y-quanta with the  t r a n s i t i o n  of t h e  nuc leus  t o  a lower  

s ta te ,  and t h e  a b s o r p t i o n  p rocesses  of t h e  y-quanta with a subsequent  n u c l e a r  

breakup. The r e a c t i o n s  of t h e  l a t t e r  type  produce a number of peculiar charac-  

t e r i s t i c s .  Let  us examine type  4n n u c l e i ,  for example, I n  such n u c l e i  t h e  
, 

ground s ta te  has an i s o t o p i c  s p i n  T = 0, and t h e  first s t a t e  with T = 1 is found 

only i n  t h e  energy  range of -12-15 MeV. This  l e a d s  t o  t h e  e e s t e n c e  o f  a t h r e s -  

h o l d  f o r  t h e  cap tu re  o f  e l e c t r i c  d ipole  quanta ,  and t h e  i n t e n s i v e  y-quanta cap tu re  

and t h e  subsequent  n u c l e a r  breakup are t h e r e f o r e  p o s s i b l e  only  a t  e n e r g i e s  g r e a t e r  

t h a n  N l 5  MeV,  

12 8 
In some c a s e s  the  th re sho ld  is l o c a t e d  s t i l l  h igher .  I n  a C ( v ) B e  reac- 

t i o n ,  f o r  example, the first e x c i t e d  s t a t e  of a C12 nucleus  with T rz 1 is found 



~~ 

1 

a t  an  energy of E = 15.2 M e V ,  and a t  t h i s  energy  l e v e l  a n u c l e a r  breakup i n t o  an 

y - p a r t i c l e  and Be , which is  found i n  t h e  ground s ta te ,  is  poss ib l e .  However, 

i n  t h e  ground s ta te  of Be , T = 0, a n d  such a breakup is t h e r e f o r e  fo rb idden  by 

the  l a w  of the  i s o t o p i c  s p i n  conserva t ion .  The r e a c t i o n  accompanied by t h e  de- 

p a r t u r e  of  a n  y - p a r t i c l e  w i l l  be r e so lved  o n l y  i f  t h e  energy of t h e  y-quanta is 
8 adequate  f o r  t h e  f o r s a t i o n  of Ee in an e x c i t e d  state wi th  T = 1. T h i s  cor responds  

t o  t h e  e n e r a  of y-quanta E - 26 MeV. 

f o r  a n  El-capture  r eaches  a magniture of ,w 26 Mev. 

8 

8 

Thus i n  t h i s  r e a c t i o n  t h e  t h r e s h o l d  energy  

S i m i l a r  e x c l u s i o n s  occur  also when n u c l e i 7  of t h e  N = 2 + 1 and A = 4n + 3 

type are i r r a d i a t e d  by low energy  y-quanta; inasmuch as the  i s o t o p i c  s p i n  of  such 

n u c l e i  i n  a ground state is T = J4, t he  nuc leus  may change t o  a s ta te  with T = 

o r  3 / 2  by abso rp ing  y-quanta. 

by e m i t t i n g  a neut ron  or a t r i t i u m  nucleus.  Indeed,  t he  n u c l e i  forming i n  t h e  

p r o c e s s  of d i s i n t e g r a t i o n  may, accord ing  t o  t h e  law of t h e  i s o t o p i c  s p i n  conserva- 

t i o n ,  have T = 0 o r  1 ( t h e  i s o t o p i c  s p i n  of t r i t i u m  is T = % I ,  so t h a t  t h e r e  i s  

no e x c l u s i o n  of  t h e  i s o t o p i c  s p i n .  But i f  t h e  e x c i t e d  s t a t e  of t h e  nuc leus  is  

T = 3 / 2 ,  t h e  r e s i d u a l  nuc leus  can have a n  i s o t o p i c  s p i n  equa l  t o  1 ( o r  2)  b u t  can- 

n o t  have a s p i n  equa l  t o  zero.  Its decay t h e r e f o r e  can occur  only  when t h e  nucle-  

o g e n e s i s  i n  a s t a t e  of T = l i s  reso lved  by energy. T h i s  makes t h e  d e p a r t u r e  of 

t r i t i u m  impossible .  

Exci ted s t a t e s  with T = $ may decay i n  t w o  ways: 

Indeed ,  t h e  escape  of a neutron l e a v e s  an odd-odd nuc leus  with N = 2, and 

t h e  T = 1 state of such  n u c l e i  i s  very c l o s e  t o  t h e  ground state. The escape  of 

a t r i t i u m  nucleus ,  on t h e  o t h e r  hand, should  l e a v e  an even-even nuc leus  wi th  

N = 2 where a l l  the  low-energy s t a t e s  have T = 0 ( t h e  f i r s t  s ta te  with T = 1 is 

approximate ly  wi th in  t h e  E rY 12-15 MeV r ange ) ,  and t h a t  means t h a t  t h e r e  i s  no t  

enough energy  t o  form a nucleus  i n  a T = 1 state.  Therefore ,  when t h e  e x c i t a t i o n  

energy  of a n  i n i t i a l  nuc leus  is n o t  very h igh ,  o n l y  a neutron can escape  from the  

5’ -= 3/2 l e v e l s ,  while  a neut ron  and t r i t i u m  can  escape  from t h e  T = % l e v e l .  I t  

16 



is thus possible to determj.ne he i s o t o p i c  s p i n s  of even-odd nacle,  of the A = 

4n + 3 type i n  exc i t ed  s t a t e s .  

s t a t e  of L i 7  with T = 3\Z? is at a E = 9.3 Mev l e v e l .  

That is how i t  w a s  found that  the  first e x c i t e d  

17 
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Chapter 111. THE ACCURACY O F  THE ISOTOPIC SPIN 

I n  t h e  p rev ious  c h a p t e r s  w e  completely d i s r e g a r d e d  t h e  neut ron  and p ro ton  

p r o p e r t i e s  (mass, charge ,  magnetic moments) which a c t u a l l y  make i t  p o s s i b l e  t o  

d i s t i n g u i s h  these  p a r t i c l e s .  

e q u i v a l e n t ;  i n  p a r t i c u l a r ,  t h e  neut rons  are no t  s u b j e c t e d  t o  t h e  e f f e c t  of Coulomb 

f o r c e s ,  whereas i n  t h e  i n t e r a c t i o n  of two p ro tons  account  shou ld  be taken  a l s o  of 

Actua l ly  t h e  neut ron  and p ro tons  are n o t  completely 

t h e  i n t e r a c t i o n  of t h e i r  cha rges ,  i n  a d d i t i o n  t o  t h e  n u c l e a r  fo rces .  The r e s u l t  

is t h a t  t h e  Hamiltonian of t h e  nucleon system is, g e n e r a l l y  speaking ,  no t  a charge 

independent ,  and t h e  nuc lea r  s p i n  cannot t h e r e f o r e  be cons ide red  as an  a c c u r a t e  

quantum number. But i n  l i g h t  n u c l e i ,  where t h e  Coulomb i n t e r a c t i o n  is s m a l l  as 

compared t o  t h e  nuc lea r  f o r c e s  (we s h a l l  e s t a b l i s h  t h e  sma l lnes s  c r i t e r i a  l a t e r ) ,  

t h e  charge-independent members of t h e  Hamiltonian may be cons idered  as a s m a l l  

a d d i t i o n  t o  t h e  "unperturbed" Hamiltonian, which is charge independent ,  and the  

o r d i n a r y  p e r t u r b a t i o n  t h e o r y  can be  used t o  c a l c u l a t e  t h e m .  I n  t h i s  approximation,  

t he  complete i s o t o p i c  s p i n  w i l l  no longe r  be conserved so t h a t  t h e  s ta tes  of  t h e  

nucleon system u i l l  become a mixture of states with v a r i o u s  i s o t o p i c  s p i n s ,  bu t  

as l o n g  as w e  can c o n s i d e r  t h e  charge-independent members of  t h e  Hamiltonian as 

merely a s m a l l  a d d i t i o n ,  o n l y  one va lue  of t h e  i s o t o p i c  s p i n  ( t h e  unperturbed 

s t a t e )  will p l a y  a dominant part i n  t h a t  mixture .  The mixtures  i n  t h i s  ca se  are 

s m a l l ,  and t h e  i s o t o p i c  s p i n  cont inues  t o  r e t a i n  i ts  va lue  as a n  approximate quan- 

tum number c h a r a c t e r i z i n g  t h e  various s ta tes  o f  t h e  nucleon system. 

9. The Release of Charge-Independent Members 

The e x a c t  Hamiltonian of a nucleus may be recorded  as follows: 

where Vo is the  terra d e s c r i b i n g  t h e  nuc lear  i n t e r a c t i o n  of  nucleons (assumed t o  

be charge independent ) ,  and t h e  second and t h i r d  terms r e p r e s e n t ,  r e s p e c t i v e l y ,  

nuc leon  k i n e t i c  energy  and Coulomb i n t e r a c t i o n  energy. Th i s  e x p r e s s i o n  may be 



r e w r i t t e n  as i n d i c a t e d  belom by s i n g l i n g  o u t  t h e  k i n e t i c  energy o f  t h e  charge- 

independent p a r t  o f  t h e  o p e r a t o r  

w= Vo+ E' p2 (- 1 
1 

* i 4 mp+,)+ 

I i > k  

where Ho is t h e  charge-independent part o f  t h e  Hamil tonian,  and v 

the  charge-independent p a r t s  o f  t he  k i n e t i c  energy  o p e r a t o r  and t h e  Coulomb energy 

and v2 are 1 

o p e r a t o r ,  r e s p e c t i v e l y .  I n  t h i s  expres s ion  H is t h e  "unperturbed" Hamil tonian,  

and v and v2 are t h e  a d d i t i o n s  whereby t h e  i s o t o p i c  s p i n  i s  no l o n g e r  a quantum 

number. Th i s  means t h a t  t he  wave func t ion  o f  t h e  nuc leus  is t h e  sum of  wave func- 

0 

1 

t i o n s  p e r t a i n i n g  t o  v a r i o u s  va lues  of t h e  i s o t o p i c  s p i n .  We s h a l l  assume t h a t  

some s i n g l e  va lue  o f  the  i s o t o p i c  s p i n  p l a y s  a major p a r t ,  and t h a t  a l l  t h e  o t h e r  

f u n c t i o n s  r e p r e s e n t  a s m a l l  "admixture." This  is a l e g i t i m a t e  assumption as w e  

are i n t e r e s t e d  i n  t h e  accuracy of the i s o t o p i c  s p i n  i n  the  r eg ion  of  l i g h t  n u c l e i  

where t h e  charge-independent p a r t  i s  a small p e r t u r b a t i o n .  

L e t  u s  examine a system of s t a t e s  wi th  a p r e s e t  moment J ,  p a r i t y  P and i s o -  

t o p i c  s p i n  T. We w i l l  des igna te  t h e  wave f u n c t i o n s  of  t h e s e  s ta tes  as 

qm(m =o, 1, . . .). 
These states a r e  d i s t i n g u i s h a b l e  by t h e i r  i s o t o p i c  s p i n  and,  p o s s i b l y ,  by some 

o t h e r  quantum numbers , and r ep resen t  t h e  "eigenfunct ions"  o f  t h e  unperturbed 
* 

o p e r a t o r  H . L e t  t h e  s t a t e  be  c h a r a c t e r i z e d  p r i m a r i l y  by wave f u n c t i o n  . The 

a c c u r a t e  wave f u n c t i o n  o f  t h e  nucleus w i l l  t hen  look l i k e  t h i s  

0 0 

It = 6 0  + c QOmItm. 

* I n  a system c o n s i s t i n g  o f  many p a r t s ,  t h e  p r e s c r i b e d  J ,  P, T do no t  by 
themselves  d e t e r d n e  the state.  Generally s p t a k i ~ g ,  a f u r t h e r  c l a s s i f i c a t i o n  de- 
pends on t h e  conc re t e  p r o p e r t i e s  of t h e  nuc lea r  forces .  
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. 
The c o e f f i c i e n t s  aOm are found by t he  known formula o f  t h e  p e r t u r b a t i o n  

theory.  :%e are i n t e r e s t e d  o n l y  i n  t h e  squa re  o f  t h e i r  moduli: 

+ v2 is t h e  numerator c a l c u l a t e d  = where the  ma t r ix  p e r t u r b a t i o n  element Y 

t h e  use of  t h e  wave functions of  the  unperturbed o p e r a t o r  Bo. 

The degree  of  "pur i ty"  of t h e  s t a t e  is u s u a l l y  c h a r a c t e r i z e d  by the "por-ion 

of t h e  admixture  ft (Radicat i '  '9) 

E =  C*I(LgJ? 
m f o  

This  e v a l u a t i o n  c a l l s  for t h e  knowledge o f  qrn func t ions ,  I t  is  p o s s i b l e ,  however, 

t o  m a k e  a s imple  e s t i m a t e  of  the  sum by s u b s t i t u t i n g  some average  d i f f e r e n c e  (AE) 

for t h e  energy  d i f f e r e n c e .  Then by r ep lac ing  t h e  summation o f  m # 0 by that  o f  

a l l  m, w e  get  

I n  t h e s e  t r ans fo rma t ions  w e  used t h e  Hermitian c h a r a c t e r  

r u l e s  o f  ma t r ix  m u l t i p l i c a t i o n ,  

of t h e  v matrix and t h e  

The matrix elemnt (+,,Iv'IJI,) can b e  e a s i l y  eva lua ted  from t h e  exper imenta l  

= v1 + v2' d a t a ,  as t h i s  i s  simply an average  value of t h e  squa re  o f  o p e r a t o r  v 

It is  not d i f f i c u l t  t o  see t h a t  t h e  member v1 may be d i s r ega rded  i n  comparison 

with v2. 

fo l lowing  e s t i m a t e s  of t h e i r  average va lues :  

A c t u a l l y ,  by d e f i n i n g  t h e  o p e r a t o r s  v1 and v2 i t  is easy  t o  get t h e  

where e i s  the  nucleon k i n e t i c  energy i n  t h e  nuc leus  (€ @ 8 M e V ) ,  Eence t h e  

o r d e r  of magnitude vl" 0.01 MeV, whereas 

20 
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where 2 is  t h e  n u c l e a r  charge ,  a n d  0.5 Kev t h e  average  energy o f  t h e  Coulomb i n -  

t e r a c t i o n  between two p ro tons  i n  a nucleus.  We t h u s  a r r i v e  a t  the conclus ion  

t h a t  t h e  c a l c u l a t i o n  of  S should  take i n t o  account  o n l y  t h e  Coulomb energy o f  

t he  p ro tons ,  as t h e  e f f e c t  produced by t h e  d i f f e r e n c e  i n  t h e  proton and neu t ron  

mass is  ve ry  small. We get t h e  fo l lowing  e v a l u a t i o n :  

The d e f i n i t i o n  of  A E  r e q u i r e s  a h o w l e d g e  o f  t h e  p o s i t i o n  of many l e v e l s .  

For o r i e n t a t i o n  purposes ,  w e  can r e p l a c e  A E  by t h e  d i s t a n c e  t o  t h e  n e a r e s t  l e v e l  

with a d i f f e r e n t  i s o t o p i c  s p i n  but  with t h e  same J and P. I n  t h i s  way w e  w i l l  

f i n d  t h e  upper boundary of s. 
-4 Such an  e v a l u a t i o n  l e a d s  u s  t o  the va lue  fZ10-3-10 

16 
f o r  Be and ZCO.1-0.5 

f o r  0 . T h e s e  v a l u e s  a r e  obvious ly  too  high. An a n a l y s i s  of  t h e  exper imenta l  

d a t a  on the v i o l a t i o n  o f  t h e  s e l e c t i o n  rules produces lower v a l u e s  The i d e a  

of t h e  i s o t o p i c  s p i n  of  ground states a p p a r e n t l y  makes s e n s e  u n t i l  Z-20. I n  t h e  

case  o f  e x c i t e d  s ta tes ,  i t  ceases to be a quantum number cons iderably  earlier. 

The g e n e r a l  conclus ion  t h a t  h igh ly  e x c i t e d  states do no t  have a d e f i n i t e  

i s o t o p i c  s p i n  is confirmed by t h e  exper imenta l  datal3. 

d a t a  on the r e a c t i o n s  of d5(prA)C12 (ground s t a t e )  and N15(py)016 (ground s t a t e )  

e s t a b l i s h e d  t h a t  t h e  e x c i t e d  state of with an energy of 13.09 Mev a p p a r e n t l y  

does not  have a d e f i n i t e  i s o t o p i c  s p i n  b u t  is a mixture  of states with T = 0 and 

Thus a n  a n a l y s i s  o f  t h e  

T = 1 (this conclus ion  is based on t h e  fact  t h a t  a t  this l e v e l  t h e  p r o b a b i l i t y  of  

d i s i n t e g r a t i o n  i n t o  C12 + CY and + y is about  equal ,  whereas, acco rd ing  t o  t h e  

s e l e c t i o n  r u l e s  of the i s o t o p i c  s p i n ,  t h e  first d i s i n t e g r a t i o n  i s  p o s s i b l e  on ly  

i f  0 l6  ha6 T = 0,  and t h e  second method of  d i s i n t e g r a t i o n  r e q u i r e s  T = 1). An- 

o t h e r  l e v e l  i s  c u r r e n t l y  known which,  a p p a r e n t l y ,  does not  have a d e f i n i t e  i s o -  

t o p i c  s p i n ,  and t h a t  is t h e  e x c i t e d  s t a t e  of  

7.48 Mev. J u s t  as i n  the first case,  such a 

b i l i t y  of t h i s  s tate decaying  both under the 

t h e  BIO nuc leus  with an energy o f  

conclus ion  is based on t h e  h igh  proba- 

Bl6* - I + ~ i 6 i  and ,lo+ - 3-1 scheme. 
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Chapter IV, SIMILAR LEVELS OF LIGRT NUCLEI 
* 

10. S i m i l a r  Leve l s  

As has  a l r e a d y  been mentioned more than  once,  t h e  Coulomb i n t e r a c t i o n  be- 

tween p ro tons  i n  l i g h t  n u c l e i  w i t h  2 d 15 - 25 is  s m a l l  a6 compared t o  the  spe- 

c i f i c  n u c l e a r  fo rces .  Hence t h e  c o r o l l a r y  ( s e e  chap te r  I, S e c t i o n  5 )  t h a t  t he  

s u b s t i t u t i o n  o f  a neut ron  f o r  a proton in a nuc leus ,  and v i c e  v e r s a ,  w i l l  pro- 

duce a new nucleus  whose Hamiltonian is very  l i t t l e  d i f f e r e n t  from t h a t  o f  t h e  

first nuc leus ;  t h e  only e s s e n t i a l  d i f f e r e n c e  is t h a t  some o f  t h e  s t a t e s  p o s s i b l e  

i n  one of these  n u c l e i  w i l l  be excluded from a n o t h e r  by t h e  P a u l i  p r i n c i p l e .  But 

the s t a t e s  t h a t  a r e  poss ib l e  i n  both  of  t h e  n u c l e i  w i l l  p o s s e s s  t h e  same proper-  

t i e s ,  and i t  is  t h e s e  states (similar s ta tes)  t h a t  w i l l  have t h e  same momentum, 

p a r i t y ,  i s o t o p i c  s p i n  and i n t e r n a l  s t r u c t u r e ;  t h e  energy d i f f e r e n c e  between two 

such s ta tes  i n  one nuc leus  will almost e x a c t l y  co inc ide  with t h e  energy d i f f e r e n c e  

between cor responding  states i n  another  nuc leus ,  e tc .  The d i f f e r e n c e  between 

these  two n u c l e i  w i l l  be due t o  t h e  d i f f e r e n c e  i n  t h e  Coulomb energy.  I n  the  

majority of cases ,  however, t h e  r e s u l t  is  t h a t  all t h e  l e v e l s  of one nuc leus  s imply 

s h i f t  i n  r e l a t i o n  t o  t h e  corresponding l e v e l s  of a n o t h e r  nuc leus ,  and t h e  energy 

d i f f e r e n c e  between t h e  cor responding  l e v e l s  changes by an i n s i g n i f i c a n t  amount 

(some e x c e p t i o n s  t o  t h i s  r u l e  w i l l  be d e a l t  w i th  l a t e r ) .  We should  p o i n t  o u t  h e r e  

t h a t  t h e  Coulomb s h i f t  f a c i l i t a t e s  a simple c a l c u l a t i o n  of  t h e  e l e c t r i c  i n t e r a c -  

t i o n  energy  o f  the pro tons  i n  t h e  nucleus.  To t h i s  end,  similar l e v e l s  should be 

found, and t h e i r  e n e r g i e s  compared, i n  two n u c l e i  i n  which a pro ton  w a s  s u b s t i -  

t u t e d  f o r  a neutron.  The d i f f e r e n c e  between t h e s e  e n e r g i e s  , making al lowances 

f o r  t h e  d i f f e r e n c e  between the neutron and proton mass, w i l l  r e v e a l  t h e  Coulomb 

energy  p e r  one pro ton ,  T h i s  is  appa ren t ly  t h e  most d i r e c t  and s imple  method o f  

de t e rmin ing  t h e  Coulomb energy of l i g h t  n u c l e i .  

* S e e  a l s o  t h e  work o f  B. S. I)zhelepov14, and  the  r e c e n t l y  publ i shed  review 
b7 E ,  s .  Z z h e l e p r 2 6 ,  
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I From t h e  p o i n t  of view of t h e  p r o p e r t i e s  r e s u l t i n g  from t h e  h y p o t h e s i s  o f  

charge independence, t h e  l i g h t  n a c l e i  a r e  d i v i d e d  i n t o  two b a s i c  groups: t h e  

group of type  2n n u c l e i ,  even-even and odd-odd n u c l e i ,  and t h e  group o f  type  

2n i 1 n u c l e i ,  odd-even n u c l e i .  The first group is c h a r a c t e r i z e d  by t h e  f a c t  

t h a t  inasmuch as t h e  n u c l e i  o f  t h i s  group c o n s i s t  o f  a n  even number o f  nuc leons ,  

the v a r i o u s  states of t h e s e  n u c l e i  c a n  have only  i n t e g r a l  va lues  of t h e  i s o t o p i c  

spin: 0, 1, 2, ,.. The b a s i c  c h a r a c t e r i s t i c  o f  t h e  energy  l e v e l s  of  t h i s  type 

of n u c l e i  is t h a t  t h e  energy s t a t e s  with T = 0 are more convenient  than  t h e  states 

wi th  T = 1, and t h e  l a t te r ,  i n  t u r n ,  is more convenient  than  a s ta te  with T = 2, 

e t c ,  This  b r i n g s  up t h e  concept  of  nuc lear  t r iads ,  t h a t  is,  t r i p l e t s  of  i s o b a r i c  

n u c l e i  w i th  v a r i o u s  neutron-proton r a t i o s  ( f o r  example B e l o ,  do and Cl0). Two 

n u c l e i  of such a t r i a d  have T = +1 and T 

t h e  t h i r d  has  T z O(B ), I n  t h i s  connect ion,  t h e  first two n u c l e i  can be only  

i n  s ta tes  of T = 1, 2, ..., and t h e  t h i r d  can be  a l s o  i n  a s ta te  of T = 0. Thus 

- -1 (CIO and B1* r e s p e c t i v e l y ) ,  and c: 6 -  
10 

6 

t h e  T E 0 states occur  n u c l e i  wi th  T = 0, and have t h e i r  ana logues  i n  t h e  o t h e r  

n u c l e i  o f  t h e  t r i a d ;  bu t  t he  T z 1, 2 states may occur  i n  all members of t h e  t r iad ,  

c 

and f o r  each such s t a t e  i n  one of  t h e  n u c l e i  t h e r e  i s  a cor responding  s i m i l a r  s t a t e  

i n  t h e  o t h e r  members o f  t he  t r i a d ,  and the  moments, par i t ies ,  r e l a t i v e  l o c a t i o n  and 

o t h e r  c h a r a c t e r i s t i c s  of t he  s i m i l a r  l e v e l s  are t h e  same i n  a l l  members of  t he  t r i a d .  

The n u c l e i  of t h e  2n + 1 type c o n s i s t  o f  an odd number of nucleons ;  t h e i r  

s t a t e s  can  posses s  on ly  h a l f - i n t e g r a l  v a l u e s  of t h e  i s o t o p i c  s p i n  T = s, 3/2, ... 
The states with T = % are found t o  be more convenient  energywise than  those  w i t h  

T = 3/2, and,  as a r e s u l t ,  a l l  t h e  s t a b l e  n u c l e i  o f  t h i s  type wi th  /T / = J$ are 

p r i m a r i l y  i n  a s t a t e  o f  T = - +so 
C 

Thus t h e  n u c l e i  i n  t h i s  case a r e  a l s o  grouped i n t o  

p a i r s  of i s o b a r i c  n u c l e i  with i s o t o p i c  s p i n  p r o j e c t i o n s  T = % and T 

c a l l e d  m i r r o r  n u c l e i ) .  

I -% ( s o -  6 5 

The t r i a d s  of i s o b a r i c  even n u c l e i  and t h e  pairs of  i s o b a r i c  uneven n u c l e i  

w i th  T = +$ a r e  r e f e r r e d  t o  i n  l i t e r a t u r e  by t h e  common name o f  charge m u l t i p l e t s .  

'#!e shmlc? p i n t  to e t i l l  ano the r  term found i n  l i t e r a t u r e ,  and t h a t  is s u p e r  m u l t i -  
6 -  

p l e t s ,  T h i s  t e r m  is  used i n  t h e  c l a s s i f i c a t i o n  o f  n u c l e a r  states on t h e  assumption 
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of a s p e c i f i c  L-S-coupling. Here t h e  s y m e t r y  o f  the space  p o r t i o n  o f  t h e  n u c l e a r  

wave func t ion  is  determined by t h r e e  numbers: the  o r d i n a r y  and i s o t o p i c  n u c l e a r  

s p i n s  S and T and t h e  a d d i t i o n a l  quantum number Y which c h a r a c t e r i z e s  t h e  s y m e t r y  

o f  t h e  wave func t ion  product  of o rd ina ry  and i s o t o p i c  spins. The s t a t e s  o f  two 

i s o b a r i c  n u c l e i  having  the  same S ,  T and Y v a l u e s  a r e  r e f e r r e d  t o  as belonging to 

one s u p e r  m u l t i p l e t  . 
11. Methods o f  Determining t h e  I s o t o p i c  Sp in  of  Nuclear  S t a t e s  

The de te rmina t ion  o f  t h e  i s o t o p i c  s p i n s  o f  l i g h t  n u c l e i  i n  v a r i o u s  s t a t e s  

is n s u a l l y  guided by t h e  fo l lowing  cons ide ra t ions  : 

a >  In  many c a s e s  t h e  we of t h e  s e l e c t i o n  r u l e s  f o r  t h e  i s o t o p i c  s p i n  makes 

i t  p o s s i b l e  t o  determine t h e  i s o t o p i c  s p i n  o f  a p a r t i c u l a r  s ta te  o f  a n u c l e u s ,  i f  

t h e  i s o t o p i c  s p i n  o f  t h e  i n i t i a l  o r  r e s i d u a l  p a r t i c l e s  i s  known. 

b) Energy c o n s i d e r a t i o n s  a r e  f r e q u e n t l y  h e l p f u l  i n  d e t e r d n i n g  t h e  i s o t o p i c  

s p i n  of c e r t a i n  n u c l e i .  L e t  us examine an a - p a r t i c l e ,  f o r  example. S i n c e  i t  con- 

sists o f  two neu t rons  and two p ro tons  ( T  = O), t he  ground s t a t e  can  be on ly  T = 0, 5 
1, 2. I t  i s  easy  t o  see, however, t h a t  t h e  ground s t a t e  o f  an  @ - p a r t i c l e  i s  T z 0 

f o r  o the rwise  i t  would f a c i l i t a t e  t he  e x i s t e n c e  of  a s t a b l e  i s o t o p e  E with a bind- 

i n g  energy  only s l i g h t l y  d i f f e r e n t  from t h e  b i n d i n g  energy  of an  a - p a r t i c l e  (a 

s l i g h t  Coulomb s h i f t ) .  

ex is t .  T h i s  is a d e c i s i v e  argument i n  favor  of t h e  fact t h a t  t h e  i s o t o p i c  s p i n  

of an  a-particle i n  2 ground state i s  e q u a l  t o  Zero. 

The same method i s  used t o  prove that t h e  i s o t o p i c  s p i n  of  mirror n u c l e i  E 

4 

Experience shows, however, t h a t  such a s t a t e  €I4 does not 

3 

and He3 is equal t o  $. 

would e x i s t  s t a b l e  n u c l e i  c o n s i s t i n g  of th ree  neu t rons  o r  t h r e e  p r o t o n s ,  which 

h a s  not  been observed. F i n a l l y ,  t h e  very same method can b e  used t o  conclude,  

from t h e  l a c k  of  a s t a b l e  s ta te  o f  a two-neutron system, t h a t  t h e  i s o t o p i c  s p i n  

of D20 i s  e q u a l  t o  zero.  

Ac tua l ly ,  i f  t h e i r  i s o t o p i c  s p i n  were equa l  t o  3/2, t h e r e  

S imi l a r  c o n s i d e r a t i o n s  are f r equen t ly  h e l p f u l  in determining  t h e  i s o t o p i c  

s p i n s  of h e a v i e r  nuclei i n  v a r i o u s  states. I n  p a r t i c u l a r ,  t h i s  type of  r eason ing  

24 



l is a b a s i c  argument i n  favor  of t h e  f a c t  t h a t  t h e  ground s ta tes  of  a lmost  a l l  

even-even and odd-odd l i g h t  n u c l e i  have T = 0. To i l l u s t r a t e ,  w e  s h a l l  take a 

I 8 8 
I Be nuc leus ,  I t  is  known t h a t  t h e  b inding  energy  of  a Be (T t 0) nucleus  i s  

8 
6 

8 
PJ 16 MeV g r e a t e r  t han  t h a t  of a n  Li (T = -1) nucleus  which d i f f e r s  from B e  

on ly  by t h e  s u b s t i t u t i o n  o f  one neut ron  for  a p ro ton ,  and  t h e r e f o r e  can be only 
6 

I i n  T = 1 states. On t h e  o t h e r  hand, i t  is c l e a r  t h a t  t h e  Coulomb energy must 

8 be h i g h e r  in Be which has one more pro ton ,  I t  is easy  t o  conclude t h e r e f o r e  

t h a t  the energy of t h e  f i r s t  s t a t e  o f  B e  , which a l s o  may occur  i n  L i  (a T = 1 8 8 

s t a t e ) ,  is a t  any rate n o t  less t h a n  16 M e V ,  Hence the  c o r o l l a r y  t h a t  t h e  ground 

8 
l and a l l  t h e  e x c i t e d  states of a Be nucleus with a n  e x c i t a t i o n  energy o f  less  

than  16 M e V  should have T = 0. 

I c )  The i s o t o p i c  s p i n  of  c e r t a i n  s ta tes  can be determined from t h e  s t r u c t u r e  

of  a g iven  s t a t e ,  t h a t  is from the  known s ta te  of  nucleons i n  a given s ta te  o f  

t he  nuc leus .  It is  known, f o r  example, t h a t  t h e  wave f u n c t i o n  of t h e  r e l a t i v e  

nucleon movement i n  D 0 (heavy water) is a s u p e r p o s i t i o n  of  'S1 and 3 D1 s t a t e s  
2 

~ 

which are symmetr ical  i n  r e l a t i o n  t o  t h e  permutat ion of  nucleon space  c o o r d i n a t e s  

, and s p i n s ,  Inasmuch as t h e  e n t i r e  wave func t ion  m u s t  be an t i symmetr ic ,  t h e  i s o -  

t o p i c  s p i n  of these  states i s  e q u a l  t o  zero ,  It  t h u s  fo l lows  from the  known 

I wave f u n c t i o n  o f  D20, i n  accordance with t h e  p r e v i o u s l y  obta ined  r e s u l t ,  t h a t  

D20 i n  a ground state has T = 0. 
I 

I t  is known t h a t  i n  a d d i t i o n  t o  t h e  ground t r i p l e t  s t a t e ,  t h e  OzD has  a 

v i r t u a l  s i n g l e t  s tate 'S which man i fe s t s  i t s e l f  i n  neutron-proton s c a t t e r i n g ,  

The S s t a t e  ha6 T = 0, and an a n a l o g i c a l  v i r t u a l  s t a t e  i s  t h e r e f o r e  found i n  a 

two-neutron o r  two-proton system which i s  borne o u t  by experiment ,  

1 

S t r u c t u r a l  c o n s i d e r a t i o n s  p l ay  an impor tan t  p a r t  i n  de te rmining  t h e  iso- 

t o p i c  s p i n s  of v a r i o u s  n u c l e a r  s t a t e s  as, acco rd ing  t o  t h e  s h e l l  model, t h e  nu- 

c l e o n s  i n  a nuc leus  are i n  s t a t e s  with p r e s e t  o r b i t a l  a n g u l a r  momentum. I n  t h i s  

c a s e ,  it is Tound p o ~ s i t l e  t o  calculate t h e  momenta and i s o t o p i c  s p i n s  o f  a l l  t h e  



I -. 

states of such a system, and a knowledge of t h e  moment of a p a r t i c u l a r  n u c l e a r  

s t a t e ,  t h e r e f o r e ,  may occas iona l ly  make i t  poss ib l e  t o  draw a conclus ion  about  

the  i s o t o p i c  s p i n  of  t h a t  s t a t e  (when t h e r e  i s  a s ing le -va lued  r e l a t i o n  between 

the i s o t o p i c  s p i n  and moment of t h e  s t a t e ) .  

12. Cer t a in  C h a r a c t e r i s t i c s  of  t he  Level Arrangement 

The d a t a  on t h e  l ight  nuc lea r  l e v e l 6  c i t e d  i n  t h e  second p a r t  make i t  poss i -  

b l e  t o  e s t a b l i s h  a number of regularities. 

L e t  us p l o t  on a c h a r t  t h e  energy d i f f e r e n c e s  between t h e  lower l e v e l s  wi th  

T = 0, I, 2, 3 of n u c l e i  wi th  an even mass number A, The s t r i k i n g  c h a r a c t e r i s t i c s  

of such c h a r t s  a r e  t h a t  the p o i n t s  corresponding t o  t h e  d i f f e r e n c e s  between t h e  

lower l e v e l s  with T = 1 and T = 0 ( a  d i f f e r e n c e  o f  (10)) , as seen from Fig .  1, 

are p l o t t e d  on two smooth curves ,  one f o r  type  4n n u c l e i  (curve I ) ,  and t h e  o t h e r  

f o r  4n + 2 n u c l e i  (curve 11). 

i n  A36 i n  t h e  6 < A < 40 donrain, whereas t h e  second curve never  rises above 3.6 

MeV (Li ). S i m i l a r l y ,  t h e  p o i n t s  corresponding t o  t h e  energy d i f f e r e n c e  between 

the  f i r s t  l e v e l s  wi th  T = 2 and T = 1 (a d i f f e r e n c e  of (21) )  a r e  p l o t t e d  on two 

smooth cu rves ,  one f o r  type 4n n u c l e i  and t h e  o t h e r  for type 4n + 2 n u c l e i  (Fig.  

The f i rs t  curve changes fro5 17 Mev i n  Be8 t o  6 Mev 

6 

2). 

A 

Fig. 1 

paaaoeph = 
di f f eren ce 
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I 
.. 

3H c r i  =di f f eren  

Fig. 2 

The f i r s t  curve (4n)  never r i s e s  above 5.5 Nev ( S i  ), whereas t h e  second curve 

(4n + 2) of the same range  is e n t i r e l y  inc luded  i n  t h e  narrow band of 8.5-11.0 

Mev. I n  c o n t r a s t  t o  the d i f f e r e n c e s  (10) and (211, t h e  energy d i f f e r e n c e s  be- 

tween t h e  f i r s t  l e v e l s  with T = 2 and T = 0 as w e l l  as T = 3 and T = l ,  whose 

i s o t o p i c  s p i n s  d i f f e r  by 2 ( d i f f e r e n c e s  of (20) and (31)). a r e  smooth f u n c t i o n s  

of  a m a s s  number. I n  t h i s  ca se ,  t he  4n and 4x3 + 2 n u c l e i  a r e  p l o t t e d  on t h e  same 

curve (curve  I11 i n  Fig.  1 and 2). 

28 

If w e  p l o t  a s i m i l a r  c h a r t  (F ig .  3 )  for n u c l e i  with an odd A ,  we will f i n d  

t h a t  a l l  the  p o i n t s  ( 3 / 2 ,  E) and (5/2, 3 / 2 )  a r e  a r ranged  on r e l a t i v e l y  smooth 

curves  . 

a 
Fig.  3 



Considera t ions  r e s u l t i n g  from t h e  s h e l l  t heo ry ,  r e a c t i o n s ,  d i f f e r e n c e s  i n  

the  b inding  energy of i s o b a r i c  n u c l e i  e t c .  are used i n  de te rmining  t h e  i s o t o p i c  

s p i n s  o f  n u c l e i  with Z < 10. I n  t h e  f i e l d  of n u c l e i  w i th  10 < Z < 25, i t  i s  

inipossible  t o  use t h e  d a t a  on n u c l e a r  r e a c t i o n s ,  as t h e  l a w  of t h e  i s o t o p i c  s p i n  

conserva t ion  is  a p p a r e n t l y  no longe r  o p e r a t i v e ,  o r  c o n s i d e r a t i o n s  o f  t h e  s h e l l  

theory ,  inasmuch as i t  is st i l l  not  very c l e a r  how t h e  v a r i o u s  shel ls  are f i l l e d  

i n  t h i s  domain, The c h i e f  method of  de te rmining  the i s o t o p i c  s p i n s  i n  t h i s  case 

is  a comparison o f  t h e  i s o b a r i c  nuc lea r  l e v e l s ,  Th i s  b r i n g s  up t h e  ques t ion  o f  

t he  a u t h e n t i c i t y  o f  t h e  i d e n t i f i c a t i o n  o f  states by t h e  i s o t o p i c  s p i n  o f  t hese  

n u c l e i ;  moreover, i t  i s  necessary  t o  make c e r t a i n  t h a t  t h e  i s o t o p i c  s p i n  still  

r e t a i n s  i t s  s i g n i f i c a n c e  with r e s p e c t  t o  t h e s e  n u c l e i .  The fo l lowing  may be s a i d  

i n  t h i s  connect ion.  I n  t h e  f i e l d  o f  n u c l e i  wi th  Z < 10, where t h e  v a l i d i t y  o f  

i n t r o d u c i n g  an  i s o t o p i c  s p i n  as a quantum number is f u l l y  borne out  by a l l  ex- 

pe r imen ta l  materials, t h e r e  is a conspicuous r e l a t i o n s h i p  between t h e  d i f f e r e n c e  

(101, etc . ,  and t h e  aass number A. The f a c t  t h a t  these r e g u l a r i t i e s  are s t i l l  

mani fes ted  i n  Z > 10 l e a d s  t o  t h e  conclusion t h a t  t h e  i s o t o p i c  s p i n  is  a char-  

a c t e r i s t i c  s t a t e  of such  r e l a t i v e l y  heavy n u c l e i .  

I n  a number of  c a s e s  t h e  above-es tab l i shed  r e g u l a r i t i e s  j u s t i f y  t h e  conclu- 

s i o n  abou t  t h e  s t a b i l i t y  or i n s t a b i l i t y  o f  a p a r t i c u l a r  i s o t o p e ,  and t h e  i n d i c a -  

t i o n  o f  i t s  approximate b ind ing  energy. = -2, f o r  example, 

is st i l l  unknown. E x t r a p o l a t i n g  curve X I 1  onto Fig.  2,  we f i n d  t h a t  t h e  first 

I s o t o p e  A130  with T c 

state w i t h  T = 2 ,  which shou ld  be a ground s t a t e  of A 1 3 0 ,  i s  approximately 15 

Mev h i g h e r  than  t h e  first s ta te  with T = 1 (ground state of  Si3'). 

account  t h e  Coulomb energy  d i f f e r e n c e s  of Si3' and S130 (which is 5-6 Mev) , w e  

come t o  t h e  conc lus ion  t h a t  t h e  binding energy of A13* should  be -9 M e V  l e s s  

t han  Si3'. 

o f  t h i s  i s o t o p e ,  t h a t  t h e  on ly  poss ib l e  method of A 1  30 decay i s  the &decay accord- 

ing t o  the A1300-+Si30 scheme. The e x i s t e n c e  of t he  fo l lowing  h e r e t o f o r e  unknown 

i s o t o p e s  can be shown by similar methods: 

Taking i n t o  

It may be concluded,  i n  v i e w  of t h e  p o s s i b l e  d i s i n t e g r a t i o n  methods 

Na26 wi th  a b ind ing  energy m12 MeV 
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40 less than i n  Yg26, Nez4 wi th  a binding energy N 4 Mev less than i n  

with a binding energy 5-6 Hev less than in C a  , e t c .  Thus the  binding energy 

of K should be - 5 M e V  less  than in Ca44,  and the binding energy of A42 1-2 

Mev l e s s  than the binding energy of K . I t  would b e  very i n t e r e s t i n g  t o  v e r i f y  

these  pred ic t ions .  

C 1  

40 

44 

li2 
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PART 11. THE ENERGY-LEVELS O F  LIGHT NUCLEI 

Th i s  p a r t  c o n t a i n s  a b r i e f  summary of  t h e  ene rgy- l eve l s  of  l i g h t  n u c l e i  f o r  

A < 50. 
arrangement of t h e  i s o b a r i c  l e v e l s  and provide  a n  i d e a  of t he  i s o t o p i c  s p i n  d i s -  

t r i b u t i o n  i n  n u c l e i .  The review does n o t  exhaus t  a l l  t h e  known m a t e r i a l  , and 

i t  is probably not  f r e e  of c e r t a i n  a r b i t r a r y  assumptions in t h e  matter of i d e n t i -  

f i c a t i o n  . 

The purpose of t h e  figures i n  t h i s  review is  t o  i l l u s t r a t e  t h e  r e l a t i v e  

* 

The energy l e v e l s  are ar ranged  i n  such  a way t h a t  t h e  similar s ta tes  o f  

ne ighbor ing  n u c l e i  are combined. To t h i s  end, t h e  d i f f e r e n c e  i n  t h e  i s o b a r i c  

mass, known from t h e  tables,  was adjusted for Coulomb energy and t h e  d i f f e r e n c e  

i n  t h e  p ro ton  and neut ron  mass. The r e s u l t i n g  magnitude t h u s  de te rmines  t h e  d i s -  

t ance  between t h e  ground s t a t e s  i n  the  energy- leve l  schemes. As t h e  Coulomb energy 

is  i n d e t e r m i n a t e ,  such a n  arrangement is  n o t  very  a c c u r a t e ,  and a n  e r r o r  o f  s e v e r a l  

hundred Kev [k i lo -e l ec t ron -vo l t s ]  is n o t  improbable.  I t  should  be remembered t h a t ,  

i n  v i e r  o f  t h e  above-said,  t h e  l e v e l  arrangement o f  t h e  ne ighbor ing  n u c l e i  does 

determine t h e  energy o f  t h e  f32-spectra. 

The diagrams show tha t  t h e  exper imenta l  d a t a  a r e  d i s t r i b u t e d  very  unevenly 

among t h e  va r ious  n u c l e i ,  a n d  t h a t  a more d e t a i l e d  a n a l y s i s  o f  such n u c l e i  c a l l s  

f o r  

and 

f u r t h e r  experiments .  

4 4 
€le4, L i  and H 

4 He4 has T E 0 which makes t h e  T = 0, 1, 2 states p o s s i b l e  i n  i t ,  and i n  L i  

H T is  equa l ,  r e s p e c t i v e l y ,  t o  +1 and -1; consequent ly ,  states with T = 0 
c; 

4 
6 

4 cannot  occur  i n  them. H h a s ,  i n  a d d i t i o n  t o  a ground s t a t e  wi th  T = 0, two more 

e x c i t e d  s t a t e s  wi th  e n e r g i e s  of -22.5 and w 2 3 ,  M e V .  l5 

t h e s e  s t a t e s  a r e ,  a p p a r e n t l y ,  e q u a l  t o  zero  as they  a r e  no t  mani fes ted  i n  a T(py)H 

r e a c t i o n .  

The i s o t o p i c  s p i n s  of  

4 

I t  fo l lows  t h a t  t he  poss ib l e  s t a t e s  o f  L i 4  and H4 should  have a s t i l l  

* With few excep t ions ,  the  d a t a  on energy l e v e l s  were borrowed from t he  two 
rev iews  mentioned above3 t4. 



h ighe r  energy,  and as t h e  d i s s o c i a t i o n  of  T + p o r  H3 + p becomes p o s s i b l e  a t  
4 > 21 M e V ,  s t a b l e  s t a t e s  cannot e x i s t  i n  H4 o r  Li . 

5 5 L i  and He 

5 L i  and H e 5  a r e  uns t ab le  mirror n u c l e i  w i t h  a s i m i l a r  system o f  l e v e l s .  The 

t h r e e  c u r r e n t l y  known l e v e l  posses s  an i s o t o p i c  s p i n  T = %, as  t h e  first two 
4 

l e v e l s  of He5 a r e  mani fes ted  i n  t h e  E + n r e a c t i o n  ( i t  shou ld  be r e c a l l e d  t h a t  

the  i s o t o p i c  s p i n  of  an  a - p a r t i c l e  i s  e q u a l  t o  z e r o ,  and t h a t  of a nucleon t o  %), 

and t h e  l e v e l  wi th  E = 16.8 MeV mani fes t s  i t s e l f  i n  a d + T r e a c t i o n .  
6 6  6 L i  , He and Be 

6 

6 6 6 Thus H e 6  can have a l l  t h e  L i  

S t a t e s  with T t 0, 1, ..., are p o s s i b l e  i n  L i  (T = 0 ) ,  b u t  T = 0 states can- 6 
no t  m a t e r i a l i z e  i n  Be (T = 1) and He (T = -1) . 
l e v e l s  except  t hose  wi th  T = 0. Hence the Li l e v e l ,  cor responding  t o  t h e  ground 

state o f  H e  , should  have T = 1 ( t h e  ground s ta te  of He should  be T = 1 f o r ,  if 

i t  were e q u a l  t o  2, t h e r e  would eldst a superheavy i s o t o p e  of  hydrogen He6  which 

does not  exist i n  n a t u r e ) .  

6 c 
6 

6 6 

To f i n d  t h a t  l e v e l ,  w e  w i l l  p o i n t  o u t  that  i f  the  

Coulomb energy  and t h e  d i f f e r e n c e  between t h e  neu t ron  and pro ton  mass were l e f t  

ou t  of  accoun t ,  t h e  energy  d i f f e r e n c e  between t h e  ground states o f  Be6 and L i  6 

should be e x a c t l y  e q u a l  t o  t h e  energy o f  t h e  first l e v e l  with T = 1. The average  

energy of  t h e  Coulomb i n t e r a c t i o n  between two p ro tons  i n  l i g h t  n u c l e i  is 0.4-0.5 

Mev, and t h e  d i f f e r e n c e  between the neutron and p ro ton  m a s s  i s  0.78 Hev. 

i n g  t h e s e  f i g u r e s ,  i t  is easy  t o  conclude t h a t  t h e  ground s t a t e  of H e  6 corresponds 

t o  t h e  Li 

immediate i n f e r e n c e  is t h a t  t h e  ground and first e x c i t e d  s t a t e s  of L i 6  have T = 0. 

Compar- 

6 l e v e l  wi th  E = 3.58 Mev, t o  which w e  m u s t  t h e r e f o r e  a s s i g n  T = 1. The 

The r e l a t i v e  arrangement of  t h e  i s o b a r i c  n u c l e a r  l e v e l s  
i n  Fig.  4 is d i f f e r e n t  from t h e  expe r imen ta l ly  observed 
arrangement i n  connec t ion  w i t h  t h e  d i f f e r e n c e  between 
the  Coulomb e n e r g i e s  of t h e s e  n u c l e i ,  and t h e  c o r r e c t i o n  
t h a t  takes i n t o  account t h e  d i f f e r e n c e  between t h e  neu- 
t r o n  and proton masses. I n  such a combination, t h e  
similar l e v e l s  ( i n d i c a t e d  i n  t h e  F igu res  by d o t t e d  l i n e s )  
of i s o b a r i c  n u c l e i  co inc ide .  

F ig .  4. 
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This  conclus ion  i s  confirmed by the  r e s u l t s  16 of  t h e  Be 9 (pa )L i9  r e a c t i o n .  

Namely, t h e  compound s ta te  B1* w i th  an energy  of E = 8.89 Mev produced by t h i s  

r e a c t i o n  decays acco rd ing  t o  t h e  cu + L i  6 scheme ; t h i s  produces L i  6 only  i n  a 

s ta te  wi th  an energy of  E = 3.58 Hev, b u t  no t  a ground o f  first e x c i t e d  state 

o f  Li , 

L i  ( E  = 3.58)TSO.  

* 

6 Hence i t  appea r s  tha t  t h e  i s o t o p i c  s p i n  o f  t h e  second e x c i t e d  s ta te  of 
6 

T = U L  

Fig. 5. 
4 6 The nuc leus  Be (T r 1) should  have been analogous t o  He . However, i n  view 

o f  t h e  r e l a t i v e l y  h igh  Coulomb energy (approximate ly  1.5 MeV h ighe r  than  i n  L i  6 ) ,  

t h i s  nuc leus  is u n s t a b l e  i n  regard  t o  a s p l i t  i n t o  H e  

no t  occur  i n  na tu re .  

c 

4 + 2p,  and t h e r e f o r e  does 

7 7 L i  and Be 

L i  7 and Be? are a p a i r  of mirror n u c l e i  w i th  an  a b s o l u t e l y  similar system 

of l e v e l s .  Eereafter we w i l l  t h e r e f o r e  speak  o n l y  of L i 7  l e v e l s ,  The ground 

and first two e x c i t e d  states of L i 7  a r e  mani fes ted  i n  the  r e a c t i o n  L i  6 + d + L i  7 +p 

which j u s t i f i e s  t h e  conclus ion  t h a t  they a l l  have T = The l e v e l  wi th  E = 7.5 
Mev is  mani fes ted  i n  the  r e a c t i o n  Be 9 (dcr)Li 7 along with  t h e  first t h r e e  l e v e l s  o f  

Li"  which have T = )a. Phis level should t h e r e f o m  als6 be assigned T = j$. An 

analysis of t h e  (w) and (F) r e a c t i o n s  shows (688 chapter If) that t h e  l e v e l s  

with E = 9.6 and 17.5 Wev have 

should be ass igned  T = s. 
with E = 6.6 MeV. 

mat is still u n c l e a r  5s the i s o t o p i c  s p i n  of t h e  level 

Inasmuch as t h i s  l e v e l  man i fe s t s  itself in reaction (pp') but 

not  in r e a c t i o n  Be 9 (da)Li7 ,  i ts  i s o t o p i c  s p i n  may be expec ted  to  Be equa l  t o  3/2. 



This  conclus,on, however, should  be approached w 
n n 

t h  c a u t i o n  as i t  h a s  not  y e t  
* 

been t e s t e d  in o t h e r  r e a c t i o n s  ( i n  Li'(ct&*)Li',  f o r  example ). 

8 8 81 B , L i  and Be 

As mentioned i n  t h e  preceding  paragraph,  i t  is c l e a r  from c o n s i d e r a t i o n s  of 

The e x a c t  energy o f  energy t h a t  a l l  t h e  Be8 l e v e l s  with E < 16 Mev have T = 0. 

the  f i r s t  l e v e l  w i th  T = 1 is st i l l  not  c l e a r  b u t  i t  may be  expec ted  t o  be E = l 7  

MeV. 

of  t h e  i s o t o p i c  s p i n  m a k e  t h e  formation o f  Be8 l e v e l s  wi th  T = 1 h i g h l y  probable ,  

A s t u d y  of t h a t  r e a c t i o n  showed t h a t  Be is formed p r i m a r i l y  i n  a s t a t e  with 

E = 16.7 Mev , and t h i s  accoun t s  for t h e  above-c i ted  a s s e r t i o n .  

8 T h i s  is deduced from the  r e a c t i o n  C12(ya)Be i n  which t h e  s e l e c t i o n  r u l e s  

8 

18 

8 The ground and first e x c i t e d  s t a t e s  of  L i  have T = 1. T h i s  fo l lows  from 

the  f a c t  t h a t  bo th  o f  t h e s e  s t a t e s  manifest  themselves i n  t h e  r e a c t i o n  L i  (dp)Li  . 7 8 

~ 

o+ 
8e'(c =a/ 
Fig.  7. 

* The diagram of  t h e  Be8 l e v e l s  is based on t h e  work of Bonner and Cook 17 
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8 
I n  view of i t s  r e l a t i v e l y  h igh  Coulomb energy ,  t he  B t h i r d  member o f  t h e  

t r i a d ,  has a very s h o r t  l i f e t i m e ,  and h a s  p r a c t i c a l l y  no t  been s t u d i e d ;  however, 

s i n c e  t h e  b ind ing  energy of L i 8  and B , minus t h e  Coulomb energy  and the  d i f f e r -  

ence between t h e  neutron and proton mass, is  almost  e x a c t l y  t h e  same, i t  follows 

that B is  an analogue of Li , and has  T = 1 i n  its ground and first e x c i t e d  

a 

8 8 

t3 tates. 

9 9 B and Be . 
9 9 B and Be are mirror n u c l e i ,  a n d  t h i s  is  a t t e s t e d  t o  by t h e  f a c t  t h a t  t h e  

b ind ing  e n e r g i e s  o f  t h e s e  n u c l e i ,  minus t h e  Coulomb energy and t h e  d i f f e r e n c e  

between t h e  neut ron  and proton mass, are a lmost  e x a c t l y  t h e  same. T h i s  f a c t  is 

very impor tan t  f o r ,  a l though t h e  B9 nucleus is uns tab le  i n  r ega rd  t o  a decay i n t o  

Be + p and w a s  t h e r e f o r e  inadequa te ly  s t u d i e d  (a small Coulomb s h i f t  i s  found t o  

be adequate  f o r  t h i s  purpose,  as t h e  ground s t a t e  of Be9 is on ly  1.6 Mev lower 

than t h r e s h o l d  of d i s i n t e g r a t i o n  i n t o  Be 

themselves  i n  c e r t a i n  r e a c t i o n s ;  s i n c e  B9 and Be9 are mirror n u c l e i ,  w e  may con- 

a + n ) ,  i t s  e x c i t e d  states can manifest 

c lude  t h a t  a l l  t h e i r  lowlying  l e v e l s  a r e  s i m i l a r  and ,  consequent ly ,  i t  would be 

enough t o  s tudy  on ly  t h e  e x c i t e d  s t a t e s  o f  Be . 9 

Fig.  80 

The b ind ing  energy of t h e  i s o b a r i c  nuc leus  Lis (Tc = - a / 2 )  is 14.1 Mev lower than 

9 i n  Be (T = -%). 

fiev have T = @. m'-2 inLs aczljrds with a l l  the r e a c t i o n s  observable  i n  t h i s  energy 

r e g i o n ,  This  a l s o  j u s t i f i e s  t h e  conclusion t h a t  t h e r e  must be  a l e v e l  with 

Hence we immediately conclude t h a t  all Beg s ta tes  with E < 14 



" 

* 

T = 3/2 in Be9, somewhere i n  t h e  area of E - 15 Mev ( t h i s  figure w a s  ob ta ined  

from t h e  d i f f e r e n c e  between the b inding  energy  of Be9 and L i 9  which should  be 

c o r r e c t e d  for t h e  Coulomb i n t e r a c t i o n  o f  a supe r f luous  pro ton  i n  Be9 and f o r  the 

d i f f e r e n c e  between the neut ron  and pro ton  mass); t h a t  l e v e l ,  however, has  n o t  

y e t  been found as t h e r e  are no s u i t a b l e  r e a c t i o n s  i n  t h a t  energy area. 

Fig. 9. 

The fo l lowing  l e v e l s  of Be9 w i t h  E = 17.2 and 17.45 MeV a p p a r e n t l y  have 

T = J4 as t hey  manifest themselves i n  L i 7  + d r e a c t i o n s .  

B e l o ,  BIO, CIO 

The 3l0(TC = 0) nuc leus  may be found i n  s t a t e s  wi th  T = 0, 1, 2, ..., while 

= 1) cannot  occur  i n  s ta tes  with T = 0. Comparing the  (TE 
B1'(Tt = -1) and C 10 

ground stat  

ground s ta te  o 

t h e  BIO nucfea  

fes t  themselves  i n  r e a c t i o n  B10(dd')310*. 

f e s t e d  i n  t h a t  r e a c t i o n ,  and  i t  should  be a s s igned  T = 1, t h a t  is, t h e  s t a t e  which 

of the B1' and Bel0 n u c l e i ,  i t  is e a s j  t o  deduce that t h e  

Hence t h e  c o r o l l a r y  t h a t  t h e  grotlnd states of B1* has T = 0. 

with E = 0.72, 2.15 and 3-58 MeV also have T E: 0 as they all 

The s t a t e  with E = 1-74 is no t  mani- 

should  occur as a ground s ta te  i n  B1* and Cl0. 

by c o n s i d e r a t i o n s  of energy  as t h e  binding energy o f  BIO ( i f  t h e  Coulomb energy 

and t h e  d i f f e r e n c e  between the  neutron and proton mass are taken  i n t o  account )  

exceeds  t h e  b ind ing  energy of B1* by e x a c t l y  tu 1.7 MeV. 

This deduct ion  is f u l l y  confirmed 
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Fig. 10 

Applying the  l a w  of t h e  i s o t o p i c  s p i n  conserva t ion  t o  t h e  various r eac t ion& 

o c c u r r i n g  i n  t h e  e x c i t e d  s t a t e s  of Be" with an e x c i t a t i o n  energy o f  410 MeV, 

i t  is easy  t o  f i n d  t h a t  a l l  t h e s e  s ta tes  of Be" have T E 1. 

should  b e  found also i n  B . It h a s  now been almost  conc lus ive ly  e s t a b l i s h e d  

t h a t  t h e  l e v e l  of  B e l o  with E = 3.37 Mev correspond6 t o  t h a t  of BIO with E = 5.16 

Corresponding states 

10 19,20 

MeV, the l e v e l  wi th  E = 5.94 Mev t o  t h a t  w i t h  E = 7.19, t h e  l e v e l  w i t h  E = 6.24 

t o  that with E z 7.48, and the  l e v e l  with E = 7.54 M e V  t o  t h a t  with E = 8.89 MeV.  

Used i n  t h i s  comparison were the  r e s u l t s  o f  va r ious  r e a c t i o n s  i n  connect ion with 

t h e  s e l e c t i o n  r u l e s  of t h e  i s o t o p i c  sp in .  

8.89 Mev is ass igned  T = 1 as, first, i t  is from t h i s  l e v e l  t h a t  t h e  decay t o  

Li in a s t a t e  of  E = 3.58 MeV ( i n  t h i s  s ta te  T = 1 )  and a n  a - p a r t i c l e  occur s ,  

and, second,  t he  i n t e n s i v e  y - t r ans i t i on  t o  a ground s t a t e  of BIO (T = 0) starts 

For example, t h e  BIO l e v e l  wi th  E = 

6 

from t h i s  l e v e l ;  and t h i s  could n o t  have occurred  i f  t h e  state of  Go wi th  E = 

8.80 Mev had T = 0. 

The CIO nucleus has  been s tud ied  much l e s s  than  t h e  Be1* bu t  i t  i s  c l e a r  f r o m  

c o n s i d e r a t i o n s  of energy,  t h a t  i t  is an analogue of BIO ( t h e  d i f f e r e n c e  i n  the  

b ind ing  e n e r g i e s  of  E l o  and C1', t ak ing  i n t o  cons ide ra t ion  t h e  Coulomb energy and 

t h e  d i f f e r e n c e  between t h e  neutron and proton masses,  is ,  as i n  t h e  case  o f  Be , 
e q u a l  t o  N 1.7 Mev). The l e v e l  arrangement i n  CIO must t h e r e f o r e  be e x a c t l y  t h e  

same as in Be . 

10 

10 

11 
I B l l  and C . 
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These are mirror n u c l e i  with a similar system of energy l e v e l s  and T = +fci. b -  
Leaving t h e  Coulomb energy and t h e  d i f f e r e n c e  between t h e  n e u t r o n  and proton 

mas6es o u t  of a c c o u n t ,  t h e  b i n d i n g  e n e r g i e s  of t h e  Cll and Bl1 n u c l e i  are equal. 

It fo l lows  from r e a c t i o n  Blo(dp)B1l t h a t  a l l  t h e  states of 3” (and t h e r e f o r e  

a l s o  C1l) with a n  e x c i t a t i o n  energy of E < 9 M e V  have T = T h i s  e x p l a i n s  t h e  

absence of  any stable d1 and B e l l  i s o t o p e s ,  as t h e s e  n u c l e i  have /T / = 3/2 which 6 
means t h a t  t h e  b i n d i n g  energy of these  n u c l e i  s h o a l d  be a t  least  N 9 Hev l ess  

11 
than  t h e  b i n d i n g  energy of B l l  and Cll. 

and Cl1 n u c l e i  cannot ex is t ,  and they  decay t o  B e l o  + n and C 

K i t h  such low b i n d i n g  energy t h e  B e  

10 + p,  r e s p e c t i v e l y .  

Fig. 11. 

12 B12, C 1 2  and N . 
..- 

The b i n d i n g  energy o f  t h e  CLd(Ts =: 0 )  nucleus,  minus t h e  Coulomb energy and 

the  d i f f e r e n c e  between t h e  neu t ron  and p ro ton  masses, i s  approximately 15 Mev 

12 (Tc = -1) and N 1 2  (T = 1) n u c l e i .  I t  
c greater than  t h e  b i n d i n g  energy of t h e  B 

follows t h a t  a l l  t h e  e x c i t e d  states o f  C12 with E < 15 Mev m u s t  have T = 0. This  

deduc t ion  is  conformed by a l a r g e  number o f  r e a c t i o n s :  f o r  example, t h e  r e a c t i o n  

o f  t h e  r a d i a t i v e  c a p t u r e  o f  C I 2  + y p r a c t i c a l l y  does n o t  occur  a t  a +quantum 

energy o f  l e s s  than 15 Mev ( i t  should be r e c a l l e d  t h a t  s i n c e  i n  C 1 2  T 

t r o n - t r a n s i t i o n s  can occur  on ly  between l e v e l s  with d i f f e r e n t  i s o t o p i c  s p i n s ) .  

= 0,  e l e c -  6 

The p e l t F r ? r !  nf the first l e v e l  of C 1 2  w i t h  T = 1 is  s t i l l  not v e r y  c l e a r ,  bu t  
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t h e r e  are indications' '  that  i t  is a l e v e l  w i th  E E 15.9 MeV*. I f  t h i s  deduct ion  

is c o r r e c t ,  t h e  l e v e l  of C12 wi th  E = 15.09 Mev is a n a l o g i c a l  t o  t h e  ground s t a t e  

of B12 znd N Data are nom a v a i l a b l e z 3  on one more l e v e l  of C 

with E = 16.07 MeV. 

has  a moment of 2 +, bu t  t he  corresponding width is very  s m a l l  (f - 5  k i lo -e l ec -  

t r o n  v o l t s ,  whereas a width o f  - 1 Mev shou ld  be expec ted  a t  such e n e r g i e s ) .  

Th i s  i s  t r e a t e d  as a n  i n d i c a t i o n  tha t  the  i s o t o p i c  s p i n  o f  t h i s  state of Cl2 is 

I 
~ 

12 12 . , namely a l e v e l  

The escape of a n  a - p a r t i c l e  is p o s s i b l e  from t h i s  l e v e l ,  which 

Y 

e q u a l  t o  1 ( t h e  f a c t  t h a t  t h e  depar ture  of a n  f f -par t ic le  is still  p o s s i b l e  is at-  

t r i b u t e d  t o  t h e  admixture  of s t a t e s  with T = 0 i n  t h i s  l e v e l  of  C12). 

an i d e n t i f i c a t i o n  is  c o r r e c t ,  t h e  C12 l e v e l  w i th  E = 16.07 Wev is a n  analogue of  

the  first e x c i t e d  s t a t e  of t h e  Bl2 and N 

I 
If such 

i 
I 

12 n u c l e i .  

The Bf2 a i d  d2 n u c l e i  have the same ground s t a t e  energy (taking into consid- 

these l e v e l s  t h a t  

9 11 
fac t  t h a t  a l l  these  l e v e l s  manifest themselves i n  r e a c t i o n s  Be (#p)B1' or B i n o  

C13 and N 13 

The ground s ta te  e n e r g i e s  of  t hese  n u c l e i  With T = +% (minus t h e  Coulomb 

energy and t h e  d i f f e r e n c e  between the  neut ron  and pro ton  masses) approximately 
6 -  

coinc ide .  Coinciding a l s o  a r e  t h e  moments and  p a r i t i e s  of s e v e r a l  first e x c i t e d  

13 states of t h e s e  n u c l e i .  Ac tua l ly ,  t h a t  is how i t  should  be,  because Cl3 and Id 

are m i r r o r  n u c l e i .  A t  first glance ,  t h i s  does not  accord  wi th  t h e  fact  t h a t  t h e  

f i r s t  e x c i t e d  l e v e l  of d3 is  g r e a t l y  downshif ted as compared t o  t h e  correspond- 

i n g  l e v e l  of  Cl3 (2.37 as compared t o  3.08). The reason for t h a t  is  understand- 

a b l e  as, accord ing  t o  the  s h e l l  model, C13 and NI3 are a system c o n s i s t i n g  o f  a 

neu t ron  (or proton)  above t h e  c losed  shells of  t h e  C1' nucleus.  The ground s ta te  

and t he  t r a n s i t i o n  of t h i s  nucleon t o  ano the r  3/2 * of t h i s  nucleon i s  on  s h e l l  l p  

I_ ~- i2 These e x p e c t a t i o n s  are based on t h e  fact that i t  is it this s t a t e  t h a t  
the  - -  C n u c l e i  are formed i n  t h e  r e a c t i o n  0 1 6 ( y t ~ ) C 1 ~  ( s e e  a n a l o g i c a l  r e a c t i o n  
12 c (*)Be8 i n  paragraph on Be8.) 
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s h e l l ,  probably 2s corresponds t o  the first e x c i t e d  s ta te  o f  t hese  n u c l e i .  Such 

a t r a n s i t i o n ,  n a t u r a l l y ,  changes the  average d i s t a n c e  between t h e  o u t e r  nucleon 

and t h e  c l o s e d  s h e l l s .  

f i r s t  e x c i t e d  s ta te  of t h e  N 

a lower ing  of t h a t  l e v e l  i n  N13 as compared t o  C13 where t h a t  e f f e c t  is absen t .  

This, i n c i d e n t a l l y ,  m a k e s  i t  p o s s i b l e  t o  e s t i m a t e  t h e  i n c r e a s e  i n  t h e  average 

nucleon r a d i u s  during the t ransi t ion by, -+2s1,,: - -20%- 

%' 

The r e s u l t  is  a r e d u c t i o n  o f  the Coulomb energy in t h e  

12 nucleus, as compared t o  t h e  ground state,  t h a t  is ,  

A r  
t 

Fig. 12.  

The i s o t o p i c  s p i n  of a l l  t h e  s t a t e s  o f  C13 (and,  acco rd ing ly ,  N 13 ) wi th  an 

energy of < 9  Mev is e q u a l  t o  %. 

are man i fe s t ed  i n  r e a c t i o n s  C12(dp)C13 o r  B10(pp)C13. 

This fo l lows  from the f a c t  t h a t  a l l  these  l e v e l s  

A t  p r e s e n t ,  t h e  p o s i t i o n  

o f  the first l e v e l  wi th  T = 3/2 is unknown. 

C14, d4 and 0 14 . 
The d 4 ( T C  = 0 )  nucleus  can b e  found i n  s t a t e s  w i t h  T = 0, 1, 2, ..., bu t  

states wi th  T = 0 cannot  occur  i n  C (T = -1) and 0 (T = 1) n u c l e i .  On the  

o t h e r  hand ,  c o n s i d e r a t i o n s  of energy make i t  c l e a r  t h a t  t h e  first e x c i t e d  s ta te  

of N 

s t a t e  o f  N 1 4  should  be a s s igned  T E 0 , and t h e  first e x c i t e d  s ta te  T = 1 ( t h e  

ground s t a t e  of C ). T h i s  conclu- 

s i o n  is confirmed also by the  f a c t '  t h a t ,  first,  t h e  Nl4 state  wi th  E = 2.31 Mev 

is n s t  rzznifested in the r e a c t i o n  o f  i n e l a s t i c  s c a t t e r i n g  of deu te rons  on N : 

N 

14 14 
c c 

14 w i t h  E = 2.31 Mev cor responds  t o  t h e  ground s t a t e  of C14,  so t h a t  t h e  ground 

14 14 has  T = 1 as is shown by r e a c t i o n  Cl2(Tp)C 

14 

(as w e  14 4* (DD*)N14*, second,  t h i s  s t a t e  is no t  mani fes ted  i n  r e a c t i o n  d 6 ( d o ) I 8  
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s h a l l  s e e  l a t e r ,  i n  0 l6(T = 0 ) ,  so t h a t  t h i s  r e s u l t  p o i n t s  d i r ec t ly  t o  the  i s o -  

t o p i c  s p i n  of  t h e  d4 state with E = 2.31 Hev T = 1) and, f i n a l l y ,  such an i d e n t i -  

f i c a t i o n  i s  i n d i c a t e d  by the f a c t  that the  s p i n  o f  t h i s  s tate of d4z = O+ is 

equa l  t o  t h e  s p i n  of t h e  ground s t a t e  of C . 14 

c . -  

Fig. 13. 

C14 is known t o  have an e x c i t e d  l e v e l  wi th  E = 6.10 M e V  (T = 1 ) .  The l e v e l  

Such a deduct ion o f  Il l4 w i t h  E = 8.06 Hev a p p a r e n t l y  corresponds t o  t h a t  l e v e l .  

is based on t h e  f a c t  t h a t ,  f i rs t ,  t h e  e l e c t r o n - t r a n s i t i o n  t o  t h e  ground state of  

is permi t ted  f r o m  t h i s  l e v e l ,  second, t h e  moment of t h i s  l e v e l  is equa l  t o  

1-, as i n  t h e  C 1 4  l e v e l  and E = 6.10 Nev and ,  f i n a l l y ,  t h e  energy d i f f e r e n c e  be- 

tween t h e  Nl4 l e v e l  wi th  E = 8.06 Mev and t h e  f i r s t  l e v e l  w i th  T I l (E = 2.31 

M e V )  is abou t  6 MeV. 

have T = 0,  as no l e v e l  below 6.10 Mev has so far been found i n  C . 
The e x c i t e d  l eve l s  of d4 with 2.31 < E < 8.06 appa ren t ly  

14 

14 The 0 nucleus h a s  been s t u d i e d  much l e s s  than  t h e  C 1 4 ,  but t h e  b ind ing  

energy o f  t hese  n u c l e i  shows t h a t  t h e i r  ground s t a t e s  are similar. 

N 1 5  and 0 15 

The b ind ing  energy of  t hese  n u c l e i  and t h e  s i m i l a r  arrangement o f  t h e i r  l e v e l s  

show t h a t  t hey  a r e  m i r r o r  n u c l e i .  

t h e  l e v e l s  of N15 (and t h a t  means a l so  015) with E < 9 Mev have T = B. 

It fo l lows  from r e a c t i o n  N14(dp)d5  t h a t  a l l  

The ar- 

rangement of  t h e  first l e v e l  w i t h  T = 3/2 is s t i l l  not d e f i n i t e l y  known b u t ,  i n  

view of  t h e  f a c t  t h a t  t h e  b ind ing  energy of C*3(T 
-3t- 

= 03/21 is 8.8 M e V  lower than 6 
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the  b ind ing  energy of f5, i t  would appear  t h a t  t h e  N’S l e v e l  with T = 3 / 3  l i e s  

somewhere i n  t h e  area of  11 Mev (N15 has a s u p e r f l u o u s  p ro ton ,  i n  comparison with 

CI5, t h a t  i s  t h e  Coulomb energy o f  N15 is by - 3  €4ev h i g h e r  than i n  C15, b u t  C 15 

has  a s u p e r f l u o u s  neu t ron  which, i n  t u r n ,  i n c r e a s e s  t h e  mass o f  t h a t  nuc leus  by 

t u  0,8 MeV, Hence we o b t a i n  t h e  above-cited estimate: 8.8 + 3*0 - 0.8 = 11 MeV).  

16 The 0 (Tc = 0)  nuc leus  h a s  a s t a t e  with T J 0,  1, 2 ,  ..., b u t  s ta tes  with 

T = 0 cannot  occur  i n  and nuclei. The b ind ing  energy of t h e  N16 nuc leus  

is by The ground s t a t e  of 0l6 should t h e r e f o r e  be 

a s s i g n e d  T = 0. This  acco rds  with the s h e l l  model acco rd ing  t o  which a l l  t h e  

shells i n  t h e  ground s t a t e  of a r e  closed ( the  isotopic spin of a c l o s e d  s h e l l  

is e q u a l  t o  ze ro ) .  The first e x c i t e d  s t a t e  of  with T = 1 h a s  an energy of 

E = 12.51 MevZ3, That t h i s  s t a t e  has  T = 1 fo l lows  from t h e  f a c t  t h a t  t h e  e l e c -  

t r o n - t r a n s i t i o n  t o  a ground s t a t e  i s  p o s s i b l e  from t h i s  l e v e l ,  but t h e  decay ac- 

co rd ing  t o  scheme d 6 - + C l 2  + a is forbidden.  

2-, c o i n c i d e s  wi th  t h a t  of the  ground s t a t e  o f  N . The f a c t  t h a t  t h e r e  are no 

states wi th  T = 1 i n  0l6 at  lower e n e r g i e s  follows from a comparison of the  0 

and N b i n d i n g  energy. has an e x c i t e d  s t a t e  with an e x c i t a t i o n  energy o f  

1.6 M e V .  

been i d e n  ti f i e  d 

The $ 

N 10 MeV lower than  i n  d6. 

Moreover, the  moment of t h i s  l e v e l ,  

16 

16 

16 

A corresponding l e v e l  should be  found a l s o  i n  0l6 b u t  so far i t  h a s  no t  

6 nuc leus ,  which should be s i m i l a r  t o  N16, is u n s t a b l e  because of t h e  

h i g h  Coulomb energy. 



1 .  

d7, 0 ~ 7 ,  F17 
I 

$7 are e r r o r  n u c l e i  with JT / = % %  and N 1 7  h a s  T 01’ and I -3/2, The 
6 Q 

ground states o f  017 and F17, minus the Coulomb energy and t h e  d i f f e r e n c e  between 

the neutron and proton masses, have t h e  same energy,  and t h e  b i n d i n g  energy o f  

d7 is 8.8 Mev lower than  t h a t  o f  01’, 

f o r e  have T I )$. 

p a r i s o n  with t h e  corresponding l e v e l  of O17. 

t h i s  c a n  be int 

The isotopic sp 

i n g  l e v e l  of O l 7  shou ld  be found a t  a n  energy of - 11.0 Mev, and a l l  the lower 

The ground s ta tes  of 017 and F17 there- 

The first e x c i t e d  l e v e l  o f  F1’ is somewhat down-shifted i n  com- 

Just a6 in t h e  case of C13 and N 13 

s equal to  F rz 3/2, 

017 and F17 l e v e l s  s h o u l d  have T = B. 

Fig. 15. 

I- 

Fig. 16. 

fi8 has T, I 0, and 0 18 h a s  T, = -1. Accordingly,  s tates wi th  T = 0 t h a t  
b b 

cannot o c c u r  i n  0 18 a r e  p o s s i b l e  i n  F18. The i s o t o p i c  s p i n  of t h e  ground s t a t e  

18 of  0 

s h e l l  t h e o r y ,  t h i s  nuc leus  has  two neutrons above t h e  f i l l e d  s h e l l s ,  and  a 

system of two i d e n t i c a l  nucleons has T = 1, 

is e q u a l  t o  1. T h i s  fol lows from t h e  f a c t  t h a t ,  accord ing  t o  t h e  n u c l e a r  

\ rurUya~~u.~ n - - - - - z - -  AI.,. 1.4 YI.ILl-LYCI - A <  ,.* ezcrgy nf PI8 m d  0 l B c  i t  i s  easy t o  s e e  t h a t  t h e  ground 

18 s ta te  o f  F must have T = 0, and the  first e x c i t e d  s t a t e  with T = 1 should have 

a n  e n e r g y  of M 1 MeV. Fs8 a c t u a l l y  h a s  an energy l e v e l  w i th  E = 1.05 Mev. That  
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l e v e l  is manifested i n  t h e  r e a c t i o n  Ne20(da)F"18*. 

of  Ne2' is T = 0, i t  fo l lows  from t h a t  r e a c t i o n  t h a t  t h e  s t a t e  of F 

Inasmuch as t h e  i s o t o p i c  s p i n  

under con- 18 

s i d e r a t i o n  has  T = 0. However, i t  is p o s s i b l e  t h a t  i n  t h i s  case t h e  s e l e c t i o n  

r u l e s  of t h e  i s o t o p i c  s p i n  a r e  v i o l a t e d ,  i n  view o f  t h e  large q u a n t i t y  o f  admix- 

t u r e s ,  so t h a t  t h e  i s o t o p i c  s p i n  of t h e  e x c i t e d  state of E'18 with E = 1-05 Mev 

is a c t u a l l y  equal  t o  T = 1. 

1.05 Mev h a s  T = 0, and t h a t  a n o t h e r  l e v e l  w i t h  T = 1 is found n e a r  i t .  T o  make 

a cho ice  between t h e s e  two p o s s i b i l i t i e s ,  t h e  aoment and p a r i t y  o f  t h e  F18 l e v e l  

I t  may be assumed a l s o  t h a t  the F18 l e v e l  with E = 

with E = 1.05 Mev shou ld  be  measured. 

Fig.  17. 

G9 and Ne'' have /T / 6 

- 73 ----- 

Fig.  18. 

0 ~ 9 ,  $ 9 ,  ~ e l 9  

= $. It  follows from c o n s i d e r a t i o n s  of energy t h a t  
P! 

t h e  ground states of t h e s e  n u c l e i  a r e  similar. 

has  T 

fo l lows  t h a t  t h e  ground s t a t e s  of F1' and  Ne'' have T = %, and 019 h a s  T = 3/2. 

The l a t t e r  fol lows from a g e n e r a l  tendency t h a t  s t a t e s  w i th  a minimal i s o t o p i c  

s p i n  a r e  most convenient  energywise,  and from s t r u c t u r a l  c o n s i d e r a t i o n s  similar 

t o  t h o s e  used i n  e s t a b l i s h i n g  t h e  i s o t o p i c  s p i n  of 0l8 and $'. 
t h e  d i f f e r e n c e  between t h e  b i n d i n g  e n e r g i e s  of FIO and 01' t h a t  t he  first s t a t e  

wi th  T = 3 / 2  should be  found i n  9' a t  a n  energy of cv 7.3 iviev. 'ibat l e v e l  has 

The b ind ing  energy of Ol9. which 

= -3/2, i s  4.5 MeV lower than  t h e  b ind ing  energy of F19. From t h i s  i t  c 

We f i n d  from 

n o t  y e t  been found. 
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I n  t h e  Z > 10 n u c l e a r  region, which w e  w i l l  now d i s c u s s ,  t h e  l a w  o f  t h e  

i s o t o p i c  s p i n  conserva t ion  a p p a r e n t l y  l o s e s  i t s  meaning so that ,  as po in ted  o u t  

a t  t h e  end of Chapter 111, on ly  t h e  s t a t i c  n u c l e a r  p r o p e r t i e s  (energy and con- 

s i d e r a t i o n s  r e s u l t i n g  from t h e  s h e l l  model, e t c . )  can be used t o  c l a s s i f y  t h e  

s ta tes  by t h e  i s o t o p i c  s p i n .  S ince  i n  all t he  c a s e s  under review t h e  method of 

i d e n t i f i c a t i o n  a i l 1  be t h e  same, nre w i l l  i l l u s t r a t e  i t  i n  d e t a i l  by the  example 

o f  FZo, Ne2' and Na2', c i t i n g  only t h e  r e s u l t s  o f  t h e  i d e n t i f i c a t i o n  i n  a l l  the 

o t h e r  cases. 

20 20 F'O, N e  , N a  

Ne2' ha s  T 

i n  F20 and XaZ0 t h e  T 

cannot  occur in them. 

= 0,  s o  t h a t  s tates with T = 0, 1, 2, ..., are p o s s i b l e ,  while 
6 

are equa l  t o  -1 and +1, r e s p e c t i v e l y ,  and T = 0 s t a t e s  
5 

Y P O B H O ~ ~ ~  = larels  
i 
1 

- -  - -  

Fig. 19. 

The F20 nucleus  i s  heav ie r  than  t h e  Ne" nuc leus  by 7 MeV. I f  t h e i r  s ta tes  

were similar, t h e  h ighe r  Coulomb energy of Ne2' should  have made i t  h e a v i e r  than  

F20 by approximate ly  4.5 Hev. 

cannot occur  i n  FZo. 

On t h e  c o n t r a r y ,  comparing the masses of Fso and Ne2', w e  f i n d  t h a t  t h e i r  masses 

consequent ly ,  Ne2' ha s  another  i s o t o p i c  s p i n  which 

We thus  conclude t h a t  t h e  ground s t a t e  o f  Nez0 ha6 T = 0. 

d i f f e r  approximate ly  by t h e  Coulomb energy (minus the d i f f e r e n c e  between the 

IllaBSeS of two neu t rons  and two p ro tons ) ,  That  means, t h a t  t h e  two n u c l e i  a r e  
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similar. I t  is easy  t o  see tna t  t h e y  have T = 1. 

Fig. 20, Fig. 21. 

I f ,  f o r  example, T = 2, i t  would imply t h e  e x i s t e n c e  o f  an  0 2o (TC = -2, T = 2 )  

20 nucleus  which i s  l i g h t e r  than  F20 (due to t h e  lower Coulomb energy) .  Then F 

the scheme Fzo(0+)020 and the Oo isotope would 

hanged to We2' on ly  by a double  &dec 

we conclude that the value T = 2 (and  e s p e c i a l l y  T > 2) is imposs ib le  fur the 

ground state of F2'. Havin a b l i s h e d  the i s o t o p i c  spin of t h e  ground states 

o f  F20 and Sa2*, we f i n d  that t h e  f i rs t  s ta te  d t h  T = 1 found in Id0 at 

energy of .5 MeV. 

1 

These are mirror n u c l e i  with /T / = %. The i s o t o p i c  s p i n  of  t h e  ground I 
states is equal t o  The position of t h e  f i r s t  l e v e l  wi th  T = 3/2 is  n o t  known. 

22 22 Ne * N a  

22 N a 2 2  has T, = 0,  and Ne T, = 1. The ground s t a t e  of  N a 2 2  has  T = 0,  and c c 

the  f irst  s ta te  with T = 1 ( s i m i l a r  t o  the ground s t a t e  o f  He22) should be found 

a t  an energy  of -0.6 MeV. The 0.59 Mev l e v e l  of N a 2 2  i s  found i n  t h i s  region.  

If t h i s  l e v e l  has  T = 1, its moment m u s t  be  equal  t o  t h a t  of t h e  ground s t a t e  o f  

N e  22 , t h a t  is I = O+. The moment of t h a t  l e v e l  h a s  no t  y e t  been measured. The 

exci te& s t a t e  of 22 ..,_ excitst icr!  energy  of 1.27 Mev has .  like t h e  around 

s t a t e ,  T = -1, 
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Na23, Mg 23 

Na2’ and Mg23 a r e  mi r ro r  n u c l e i  with /T / = %, and Ne2’ ha s  T = -3/2. The 6 
ground and a l l  t h e  e x c i t e d  states of Na and Mg w i t h  an energy l e s s  than  8 Mev 

have T = s. The first s t a t e  with T = 3/2 (similar t o  t h e  ground s t a t e  o f  Ne2’) 

should  be found a t  an energy of * 8.9 Mev. 

YPOBHO~ 

Fig. 22. Fig. 23. 
Na21t* Mg24, A 1  24 

Mg24 has  T = 0, and Nai4 and A 1  have /T / = 1. The ground and first e x c i t e d  6 c: 
24 s t a t e  of  Mg (up  t o  rv 10 Mev) have T = 0. The f i r s t  e x c i t e d  s ta te  with T = 1 

( s i m i l a r  t o  t h e  ground s t a t e s  of  M a  and A l )  of KgZ4 should  be found a t  an energy 

24 of N 10 MeV. It is p o s s i b l e  t h a t  t h i s  is t he  s ta te  wherein t h e  f3-decay o f  A 1  

occurs .  An i n d i c a t i o n  of t h a t  is t h e  small f t  of t h a t  t r a n s i t i o n  ( s e e  4, p. 105) .  

~ a ~ 5 ,  ~ g ~ 5 ,  A? 

and Ha25 has T MgZ5 and A125 have /T / = %, = - 3 / 2 .  Mg25 and A 1 2 5  are m i r r o r  6 c 
n u c l e i  w i t h  a similar system of l e v e l s .  The ground and first e x c i t e d  s ta tes  o f  

t h e s e  n u c l e i  have T = s. 
s t a t e  o f  Na25) has a n  energy of v 8 M e V .  

The f i r s t  s ta te  with T = 3 / 2  ( s i m i l a r  t o  t h e  ground 

ng26, A l r 6  

has T = 0 .  and Ng26 has T, = -1. The ground s t a t e s  of  A 1  have T = 0, 
a 

26 
c: 

and t h e  f i r s t  s ta te  with T E 1 (similar t o  t h e  ground state of  M g  ) should be 
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Fig.  24. Fig.  25. 

found a t  a n  energy of  IV 0.6 Rev. Discovered i n  t h i s  r eg ion  was a 0.46 Mev energy 

level which appa ren t ly  h a s  T E 1. This conclus ion  is confirmed by t h e  r a d i a t i o n  

r e s u l t s  of thee-decay of A 1  --3 Mg ( i n  f t  = 3 . 3 ) .  The s p i n  of t h i s  s tate should  

be e q u a l  t o  t h a t  of t h e  ground s t a t e  of  Mgz6, t h a t  is I = O+. 

26 26 

27 ~ 1 2 7 ,  s i 2 7  
&3 9 

A 1 2 7  and S i27  have /T / = B, a n d  Mg27 h a s  T = -3k2. The ground and f i r s t  6 c 
e x c i t e d  s t a t e s  of  A127 and S i 2 ?  a r e  similar and have T = H. The f i r s t  s t a t e  with 

YPOBE~IP 
, =  levels 

j_ "s-,? 

Fig.  260 
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T = 3 /2  ( s i m i l a r  - 0  he ground s ta te  of Mg27) should  be founcl a t  an energy o f  

.+ . 

IV 7 M e V ,  and t h e  s p i n  o f  t h a t  s t a t e  should be %+. The similar n a t u r e  of the  

ground s t a t e s  of Si2? and A l Z 7  is confirmed by t h e  l o w  ft va lue  for the t r a n s i -  

t i o n  of S i  27 +A127 ( I n  ft = 3 . 6 ) .  

&3 28? ~ i ~ ~ ,  p28 

si28 has T = 0, e /TC/ = as& Mga hagt.T 
6 

28 
i n g l y ,  o n l y  sta te  with T 2 ’2 c U T $ n w  , W d T > l i R A  

The ground and first e x c i t e d  s t a t e s  of Si28 have T = 0. 

T = I ( s i m i l a r  t o  t h e  ground s ta tes  of A12’ and P 

of  /Y 9.0 M e V .  

‘fhe first 
28 1 shau ld  be found at an energy 

The s p i n  of t h e  ground s t a t e  o f  A128 is e q u a l  t o  (2+ o r  3 + ) .  Con- 

sequen t ly ,  t h e  corresponding s t a t e  of  Siz8, a8 well as t h e  ground s t a t e  o f  P 28 , 

should a l s o  have (2+ or 3 + )  s p i n s .  The similar n a t u r e  of t h e  ground states of  

Pr8 and is  confirmed by t h e  r a d i a t i o n  r e s u l t s  of  the  B-decay of P 28 + S i  28 * 
28 and A 1  -Si28*, Both of t h e s e  t r a n s i t i o n s  occur at  t h e  same l e v e l  o f  Si28 with 

an e x c i t a t i o n  energy of 1.78 MeV. The f i r s t  s t a t e  with T = 2 and I = O+ ( s i m i l a r  

t o  t h e  ground s ta te  of Wg28) should be found i n  Si2’ a t  an energy l e v e l  of  -15 

Mev, and i n  A128 and P2’ a t  - 6 Mev. 

A129 ,  Si29 and P 29 

Si29 and P29 have /T / = J$? and A12’ ha s  T - -3/2. The ground and f i r s t  c t -  
e x c i t e d  states of Si29 and P29 are similar s ta tes  with T = J$. The first states 

.. . 

- .  

Fig. 28. Fig.  29. 
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w i t h  T = 3/2 (similar t o  t h e  ground s ta te  o f  A129)  should be found a t  an energy 

l e v e l  of W 8 . 5  Mev, and t h e i r  s p i n s  should be  equa l  t o  t h e  ground s t a t e  s p i n  of  

A129* t h a t  is I = 3/2+. 
30 $0 

= -1. 

S i  , 
go ha6 T = 0, and Si3' h a s  T The ground s ta te  of 9' has  T = 0, 

I: 6 
and t h a t  of Si3' has  T = 1. The f i r s t  s tate of 9' with  T = 1, which is similar 

t o  t h e  ground state o f  Si3', should be found at a n  energy l e v e l  of N 0.6 Mev, 

An energy l e v e l  of 0.8 Nev i s  known t o  e x i s t  i n  t h a t  reg ion ,  If t he  i s o -  

t o p i c  spin of t h a t  l e v e l  is equa l  t o  1, i t s  moment should  be equal  t o  t h a t  o f  

the  ground s ta te  of Si3', t ha t  is  I = O+. 

Si 31 , p31, s31 

g1 and S3' have /T / = % *  and Si3' has  T E -3/2. The ground and first ex- c 6 
c i t e d  states of g1 and S31 have T = H. The s i m i l a r i t y  of t h e i r  l e v e l s  is  con- 

31 firmed by t h e  low f t  value of t h e  & t r a n s i t i o n  of  S i  -3 g1 ( l o g  ft = 3 . 6 ) .  

first s ta tes  with T = 3,/2 (similar t o  t h e  ground state of Si3') should have an 

The 

e x c i t a t i o n  energy of ,u 6 Mev a n d  a s p i n  e q u a l  t o  t h a t  of t h e  ground s t a t e  o f  

. 

Fig. 30. 

1 

s: I, (9 2 .  j i f  

F i g .  31. 
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S i  32* p32 * s32* c132 

S32 has  /TC/ = 0,  g2 and C132 have /T / = 1 and Si32 has  T = -2. The 6 6 
ground and first e x c i t e d  s ta tes  of S32 have T = 0. 

(similar t o  t h e  ground states of g2 and C132) should  be found a t  a l e v e l  o f  

(3 8 Mev wi th  a s p i n  of  I+, t h e  same as t h a t  of 22. The f i r s t  state with T = 2 

( s i m i l a r  t o  t h e  ground state of Si32) should  be found i n  S32 at a l e v e l  of -13 

The f i r s t  s ta te  with T = 1 

and g3 has  T S33 and C133 have /T / = %, = - 3 / 2 .  S33 and C13’ are n i r r o r  
6 6 

n u c l e i  w i t h  a similar system of l e v e l s .  The ground and a l l  t h e  low states have 

T = $. The first state with T = 3/2, corresponding  t o  t h e  ground state of P 33 * 

should  have  an e x c i t a t i o n  energy of  ~ 5 . 0  MeV. 

g4* sg4, c134 
34 34 The &decay o f  C1 +S 4 

C134 has  T = 0 ,  S34 has  T = -1, and 9 Tc E -2. C c 
ha6 a h igh  p r o b a b i l i t y  (log f t  = 3.5). That means t h a t  the ground states o f  S 34 

and C134 are  shilar,  both  of them t h e r e f o r e  having  T = 1, and that  the first ex- 

c i t e d  s t a t e  (wi th  an energy of 0.14 MeV) has T = 0 (I = 3 + ) .  

e x c i t e d  stakes of S34 have T = 1. Corresponding l e v e l s  should  be  found also i n  

C134* p a r t i c u l a r l y  l e v e l s  with T = 1 a t  e n e r g i e s  of  about  2.2 Mev (1 I 2+), 3.4 

The ground and first 

Mev and 4.9 MeV. These levels have not  y e t  been found. The first state o f  C1 34 

and S34 wi th  T = 2, s i m i l a r  t o  t h e  ground state of  g4, should  have a n  e x c i t a t  

energy  of  a b o u t  10.5 Mev and a s p i n  o f  l+. 

The C134 nucleus  is an except ion  t o  t h e  g e n e r a l  e m p i r i c a l  r u l e  acco rd ing  to 

But t h i s  devia-  which t h e  ground s t a t e s  o f  all n u c l e i  with T = 0 have T = 024. 
6 

t i o n  from t h e  gene ra l  r u l e  should  not be  p a r t i c u l a r l y  surprising. A c t u a l l y ,  C1 34 

is an  odd-odd nucleus  and,  accord ing  t o  the  e n t i r e  exper imenta l  material under 

c o n s i d e r a t i o n ,  t h e  first s ta tes  with T = 1 i n  odd-odd n u c l e i  have an energy only  

s l i s h t l y  exceeding  t h e  energy of  a ground s ta te  ( f o r  example, 0.46 i n  A 1  ) . There- 
26 

f o r e ,  even  a s m a l l  p e r t u r b a t i o n  occasioned by Coulomb i n t e r a c t i o n  can l e a d  t o  change 

i n  the o r d e r  of l e v e l s .  
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Fig. 32. Fig. 33. 

We should  po in t  ou t  t h a t  inasmuch as the  d i f f e r e n c e  between t h e  first l e v e l s  

with T = 0 and T = 1 i n  odd-odd n u c l e i  is always dec reas ing  w i t h  t h e  i n c r e a s i n g  

n u c l e a r  mass number, i t  is n a t u r a l  t o  expec t  t h e  ground s t a t e  o f  t h e  odd-odd n u c l e i  

h e a v i e r  than  C134 to have T = 1, and no t  T = 0. 

and C135 are  s i m i l a r  and have T = %. 

t he  ground s ta te  of S35) should  be found a t  an energy of 

The first s ta te  with T = 3/2 ( s i m i l a r  t o  

5 Mev and have a s p i n  

of 3 / 2 .  

ground s ta te  o f  C135 ha6 T = 3/2. 

The a s s e r t i o n  is  f r e q u e n t l y  found i n  l i t e r a t u r e t o  t h e  e f f ec t  t h a t  t h e  

The d a t a  on t h e  magnetic moment of  C135 are 

given as a b a s i s  for t h e  a s s e r t i o n .  If t h e  l a t te r  were t r u e ,  i t  would c o n t r a d i c t  

the  h y p o t h e s i s  of t h e  charge independence of n u c l e a r  f o r c e s  because t h e  ground 

states of S35 would have had t o  be lower than  t h e  ground s t a t e  o f  C135 by a magni- 

tude  e q u a l  t o  t h e  e x c e s s  Coulomb energy of C135, t h a t  is by abou t  5 Nev, whereas 

a c t u a l l y  t h e  masses of S35 and C135 almost co inc ide .  Inasmuch as t h e  exper imenta l  

n a t e r i a l  under  c o n s i d e r a t i o n  s u p p o r t s  t h e  hypothes is  of  charge  independence, 

and even  i t s  approximate v a l i d i t y  can ha rd ly  be doubted, i t  follows from o u r  

d i s c u s s i o n  t h a t  t h e  ground s ta te  of  C135 a c t u a l l y  has  T = %. 



c 

. 

h o r o  T p O B H O 8  
= Many levels 

Fig. 34. 

A- /-q =-2) 

I 

has  T = 0, t h e  first s t a t e  with T = 1, similar t o  t h e  ground s t a t e  of C136. has 

a n  e x c i t a t i o n  energy of u 6.0 MeV and t he  f i r s t  s t a t e  with T = 2, similar t o  

the ground s t a t e  of S 3 6 ,  has an e x c i t a t i o n  energy of -11 Mev. I n  C136 t h e  

f i r s t  s tate with T = 2 is found a t  a n  

I 

Fig. 36.  

energy of /v 5 Mev. 

Fig.  37. 

liaoro 

= Many levels 

YPOSE-& 

52 



S37, C13?, A37,  K3' 

A3' and K37 have /T / = J$, h a s  T = -3/2 and S3' TC = -5 /2.  The ground c 6 
and first e x c i t e d  s t a t e s  of A37 and K37 are similar and have T = s. The s i d l a r  

n a t u r e  of t h e s e  s ta tes  is canf inned  by t h e  low f t  magnitude ( I n  f t  = 3.4) f o r  t h e  

& t r a n s i t i o n  of K 37 +A3?. The first state with T = 3/2 (an  analogue of t h e  

ground s t a t e  of  C137) should have a n  e x c i t a t i o n  energy  of /v 5 &lev and a s p i n  of 

3 / 2 + ,  and the  first s t a t e  with T = 5/2 ( a n  analogue of t h e  ground s ta te  of S3 ' )  

should have an energy of N 14 Plev, The first s ta te  o f  C13? with T I 5/2 should  

have an e x c i t a t i o n  energy of  /v 9 M e V .  

K38 h a s  T = 0, A38 ha6 'I! = -1 and C138 T = -2. 6 6 r: 
The ground state o f  K 38 , 

accord ing  t o  t h e  latest  exper imenta l  d a t a ,  a p p a r e n t l y  has  T = 1 and I = 0+, and 

the  first e x c i t e d  state (E = 0.38 M e V )  wi th  I = 2+, 3+ has T = 0, If t h i s  i d e n t i -  

f i c a t i o n  is  c o r r e c t ,  t hen  t h e  same t h i n g  occur s  i n  IC3' as i n  ClJ8 .  t h a t  is ,  t h e  

energy of  t h e  first s ta te  with T = 1 becomes l e s s  than  the  energy of t h e  first 

s t a t e  wi th  T = 0. A t  /v 2.2 

and & 3.8 M e V ,  K38 should have s t a t e s  w i t h  T = 1 and I = 2+ and 3 ,  r e s p e c t i v e l y ,  

s i m i l a r  t o  t h e  cor responding  s ta tes  o f  A38. 

Thus the  ground s t a t e s  of A38 and Kg8 are s i m i l a r .  

The f i r s t  s ta te  o f  A38 and K38, which 

is similar t o  t h e  ground s t a t e  o f  C138, should  have 

10.5 Hev and a s p i n  o f  2-, 

an e x c i t a t i o n  energy of about  

F i g .  38, 

53 



K3' and Ca39 have /T / = H, A39 has T 

s t a t e s  of K39 and ea3' are similar and have T = 

(an  analogue of t h e  ground s t a t e  of A3') of t h e s e  n u c l e i  should have an e x c i t a t i o n  

= -3/2 and C13' T = -5/2. 

The first s t a t e  with T = 3/2 

The ground c c b 

energy of - 7 Mev and a s p i n  of 7/2-. 

of t h e  ground state  of  C139) should be found a t  - 16 Mev r i t h  a spin of 3/2+. 

The first s t a t e  of A3' with T = 3 / 2  should have a n  e x c i t a t i o n  energy of t u 9  MeV 

The f i r s t  s ta te  with T = 5 /2  (an analogue 

and a s p i n  of 3/2+. 

A 4 0 ,  K4', C a 4 0 ,  S c  40 

= 0,  K4' and Sc40 have /T / = 1 and A 4 0  h a s  T Ca4' has  T = -2. The ground 

The f i r s t  s ta te  wi th  T = 1 (an  ana- 
6 6 6 

and f i r s t  e x c i t e d  states of Ca4' have T = 0. 

logue of t h e  ground s ta tes  of K40 and Sc4') should have a n  e x c i t a t i o n  energy of 

/u 8 M e V  and a s p i n  of 4-, and t h e  first state  with T = 2 (an analogue of t h e  

ground s ta te  of A4*) should b e  found a t  a n  energy of  w 12,9 Mev wi th  a s p i n  o f  

O+.  The first s t a t e  of K4' and Sc4' with T = 2 shou ld  be found a t  M 4 . 9  Mev 

energy wi th  a s p i n  o f  O+. 

ypomsai levels 

A41, K41,  C a 4 1 ,  S c  41 

C a 4 1  and Sc4l  have /T / = ?$$ h a s  T = 3 / 2  and A4' h a s  T, = -5/2. T h e  c c -  b 

ground s t a t e s  of C a 4 1  and Sc41 have T = Y; ,  t h e  first s ta te  with T = 3/2 (an  ana- 

logue of the ground state o f  K4') should have an  e x c i t a t i o n  energy of Iv 5.0 Hev 



and a s p i n  of 3 /2+ ,  and t h e  f i rs t  s t a t e  with T = 5/2 (an  analogue o f  t h e  ground 

s t a t e  o f  A 4 1 )  should be found a t  a n  energy of w 14 MeV.  

wi th  T = 5 /2  should have an e x c i t a t i o n  energy of N 9 MeV. 

42 42 

41 The first state o f  K 

K , C a  
42 

Cak2  has  T = -1, has  T E -2 and A42 h a s  Ts = =3 .  The i s o t o p e  of S c  6 c: 
has  not  been found. 

e x c i t e d  s t a t e  with I = S i  also h a s  T = 1 and s t r o n g l y  resembles  t h e  similar s t a t e s  

( T  = 1, I = 2+, and about  t h e  same energy) of t h e  fo l lowing  odd-odd n u c l e i  with 

T = 0: L i  , N e  

s t a t e )  should have an energy of ~ 9 . 6  Mev and a s p i n  of 2-. The f i r s t  s ta te  with 

T = 3 ( a n  analogue o f  the  A42 ground s ta te )  should have a t  l e a s t  15.6 Hev, i n a s -  

The ground state of Ca42 has  T = 1 and a O+ spin. The first 

6 22 , A3'. The first s ta te  with T = 2 (an  analogue of t h e  ground 

much as i t  is known t h a t  t h e  b i n d i n g  energy of A42 is  l e s s  t han  

Fig, 40. 

42 The Sc i s  unknown. Th i s  is  the f i r s t  case  

. .  I 

42 t h a t  of K . 

Fig. 41. 

where a nuc leus  with T = 0 does 6 
n o t  e x i s t .  From t h i s  i t  i s  p o s s i b l e  t o  conclude t h a t  t h e  Coulomb energy i n  the  

n u c l e u s  has  grown t o  such  a n  e x t e n t  as t o  make a d i r e c t  decay Sc + C a 4 1  + p pos- 
42 

Sc43 has  T = -J$, Ca43 h a s  T = -3 /2  and K43 h a s  T I -5/2. The ground s ta te  c 6 c 
43 of S C  has T = >I, the first s ta te  with T = 3/2 ( an  analogue of t h e  Ca43 ground 
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c 

s ta te )  should be found a t  a n  nergy of /v 4-5 Kev and have a s p i n  of 7/2. The 

f i r s t  s t a t e  with T = 5 / 2  (an  analogue of t h e  K4' ground s t a t e )  should be found 

i n  Ca4' a t  an  energy of /v 5-6 Rev a n d  i n  Sc43 a t  a n  energy o f  /u 10 Mev. 
K44, Ca44, sc 44' ) 

= -2, aEd K44 has  T = -3 .  The ground s ta te  ' c  c Sc44 has  T = -1, Cak4 has b 44 
of h a s  T = 1, t h e  first s t a t e  with T = 2 (an  analogue o f  the Ca ground 

s ta te )  has  a n  e x c i t a t i o n  energy of 3 M e V ,  and  t h e  f i r s t  s ta te  wi th  T = 3 (an 

analogue of t h e  K ground s t a t e )  h a s  an energy of 11 MeV,  
44 

Ca45, S C ~ ~ ,  T i 4 5  

Tib5 has  T = Y;, Sc45 has  T = -3/2 and Ca4' ha s  T = -5/2. The ground state 6 6 b 
of Ti4' ha s  T = ~4,  t h e  first state with T = 3/2 ( a n  analogue of t h e  Sc45 ground 

s t a t e )  has  an  e x c i t a t i o n  energy of 5 MeV, and t h e  f i r s t  s ta te  wi th  T = 5/2 (an 

analogue of t h e  Ca45 ground s t a t e )  has a n  energy of rc) 12 MeV.  

Ti46 has  T - 

46 o f  Ti has T = 1, 

6 -  
The ground s t a t e  

f = -3* '' h a s  T = -2 and has  T 6 -1, s c  

t h e  first s t a t e  with T = 2 (an  analogue of t h e  Sc46 ground 

s t a t e )  has a n  energy of N 9 M e V ,  a n d  t h e  f i r s t  s t a t e  w i th  T = 3 (an  analogue of  

t h e  C a 4 b  ground s t a t e )  has an energy less  t h a n  i6 Xev. 

* >  The mass and spin d i f f e r e n c e s  of t h e  f u r t h e r  n u c l e i  were taken from t h e  
schemes i n  t h e  Tab les  25 , 



47 ,5c4?, T i  47, ,47 C a  , 

The ground s t a t e  of  

the  T i k 7  ground s t a t e )  shou ld  have a n  e x c i t a t i o n  energy of N 6 Mev, and the  first 

s t a t e  with T = 5/2 ( an  analogue of the Sc4? ground s t a t e )  an energy of 4 22 MeV. 

has  T = B, t he  f i r s t  s ta te  raith T = 3 / 2  (an  analogue o f  

ca48, sc 48, ,i48, ,48 

V4' has  T = -1, Ti48 h a s  T = -2, Sc48 has  T = -3, and Ca4% has  T = -4. 
6 6 6 f 

The ground s t a t e  of V48 has  T = 1, the first s t a t e  with T = 2 (an analogue o f  t h e  

T i48  ground s t a t e )  should have an energy of - 3  Mev, t h e  f i r s t  s t a t e  wi th  T = 3 

(an analogue of t h e  Sc48 ground state) should  have a n  energy of ~ 1 4  MeV and ,  

f i n a l l y ,  the first state wi th  T = 4 (an analogue of  t h e  Ca48 ground s t a t e )  should  

have an  energy  o f  w 2 1  M e V .  

Ti4' has T = -5J2, Sc4' has T = -7/2 and Ca4' has T = -9 /2.  The first T i  

level with T ,7/2 ergy of /v 9 Mev, and the first level with T = 9/2 
S 5 c 

T i w ,  V w ,  C r  50 

-2 and Tiso has T I -3. The groun 

h T E 2 (an analogue of the V50 grou 
6 

8-9 Wev, and the first state with T E 3 (an analog 

50 of the T i  ground s t a t e )  should have a n  energy of 
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